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1.0 SUMMARY 


An Energy Efficient Engine (E 3 ) Program was established by HASA to 
develop a technology for improving the energy efficiency of future commercial 
transport aircraft. As & part of this pregrass, General Electric designed, 
fabricated, and tested a new turbofan engine. This report describes the 
design and test of the control and fuel system for the General Electric Energy 
Efficient Engine. 

3 

The control and fuel system for the E was based on tasry of the 
proven concepts and component designs used on the 6E CF6 engine family. One 
significant difference was the incorporation of digital electronic computation 
in place of the hydromechanics! computation used on current transport aircraft 
engines. The timesharing capabilities of th© digital computer accommodated 
the additional control functions required for the 3 3 without computer 
hardware duplication. The improved accuracy and flexibility of digital 
computation permitted engine control strategies that improved efficiency and 
reduced deterioration. Th© digital control also offers improved 
aircraft/engine integration capability. 

For the E 3 ICLS (Integrated Core/Low Spool) turbofan demonstrator, 
the system performed six control functions. It controlled fuel flow, fuel 
flow split (to two combustor zones), compressor stators, and three independent 
clearance control air valves. Th® system also provided condition monitoring 
data. For the core engine test that preceded the ICLS, system functions were 
the same except that the compressor stator control function was deleted 
(stages are set individually by a test facility control system for 
experimental flexibility) and all fan/fsn turbine related functions were 
deleted. The system for a production engine would be the same as for th© ICLS 
with the addition of ignition and thrust reverser control. 

System components for the demonstrator engines included (1) th© digital 
control (which is a modification of a design produced under the Uavy FADEC 
program, (2) a modified FlOl fuel pump and control, (3) modified CF6 stator 
actuators , (4) modified FlOl IGV actuators for air valve actuation, (5) a 




number of air valves modified from existing designs, and (6) several 

custom-designed components including fuel flow split control valves, control 

mode transfer valves, and a compressor clearance control air valve. An 

off-engine digital control was used for the core engine, whereas an on-engine 

3 

design was used for the ICLS. For a production E , dual redundant digital 
controls would be used initially, but it is anticipated that in-service 

development will produce a digital control with reliability equivalent to 
current controls so that ultimately a single- channel control will suffice. 
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2.0 niTRODUCTXOH 

The Energy Efficient Engine (E 3 ) Program was a program established by 
MS& to develop a technology that would improve th® energy efficiency of 
propulsion systems for subsonic commercial aircraft of th© inter 1930 $ and 
" early 1990’ e. The specific major objectives of the program were to develop a 
technology that would provide at least a 12% iftvsp covenant in cruise specific 
fuel consumption and a 5% improvement in direct operating cost relative to a 
current commercial aircraft engine* th© CI i ‘6-50C. These improvements were to 
be achieved within the restraints of strict new noise limits as given in 
FAR- Part 36 (July 1978 revision) and emissions limits are given in the 
January 1931 EPA standard for such engines. 

Beyond the overall program objectives* design objectives also were 

3 

established for the various elements of the E . For th© fuel and control 
system* tho primary objective was to define a system that thoroughly exploited 
the engine's fuel conservation features* provided operational capability and 
reliability equal to or better than currant transport engine control systems* 
and to employ digital electronic computation suitable for interfacing with 
aircraft propulsion and flight control computers. The system thus defined was 

demonstrated on the full-scale core and XCLS (Integrated Core/Low Spool) test 

• ~ 3 

engines which were a part of the E program. 


This report describes the control and fuel system design and documents 
the performance observed as the system was bench tested and subsequently run 
on the E 3 demonstrator engines. 
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3.0 CONTROL AKD FUEL SYSTBH REQUIREMENTS 


Tb® B control and fuel system was designed to meet several 
contractually specified general design requirements established during the 
pral iedr^ry design phase of the program and tc meet functional requirements 
established by the nature of the engine itself (Figure X cross section) . 
These ■£>* ^uiremeiats are given below. 

3 * 1 GENERAL DESIGN REQUIREMENTS 


Di&.i tg L Ccmputnt ion - The system employed digital electronic 
computation rather than the hydroxaechanical computation used in current 
transport engine controls. This was done because the digital computer 
provided more scheduling flexibility of controlled variables; had timesharing 
capability so that many control functions were performed without computer 
hardware duplication; could interface directly with aircraft system computers 
which* by the late 1980*8, will also be digital; and offers the promise of 
lower cost by taking advantage of rapid electronics industry advances in 
circuit integration and automated manufacture. 

Aircraft Interfacing - In conjunction with the previous requirement, 
th® system was designed to interface with a typical aircraft control 
computation system. 

Efiwgff. - Th© system incorporated power management capability 

which automatically optimised perform me® with minimum flight crew input. 

Sens or /A ctuator Failure Toleranc e - Computational techniques were 
employed to make the system generally insensitive to failures in digital 
control input sensors and output actuators so that redundancy of these 
elements was not necessary. 

E§jJu§M-.LjtZ - System reliability by the time of introduction into 
service shall be equal to or better than the reliability achieved with current 
transport engine hydromechanical control system. In a sense, this requires 
improved reliability because the S system performs mor© control functions. 

4 
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3 • 2 PUHCTIQtvAL DESIGH REQUIREMEFTS 

3 

The design of the E ICLS required that the control system have 
outputs as shown on Figure 2 and it performed the following functions: 

© Modulated fuel flow to control thrust. 

© Split fuel flow to the two sonos of the double-annular combustor. 

© Positioned core compressor variable stators for best compressor 
performance. 

• Positioned air valves for independent active clearance control of 
th« compressor (Stages 6-10) and the HP and LP turbines. 

© Provide condition monitoring data to the engine operating crew. 


6 




Vane Position 


Figure 2. Control System Outputs 
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4.0 SASIC SYSTEM STRUCTU RE 
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Consideration of design requirements, particularly the cn© regarding 


digital electronic computation, led to the definition of a basic system 
structure as shown In Figure 3. The digital control was the central element 
in the system. It received input signals from the control room and from 
various engine sensors, it provided servo signals to control the output 
devices shown, and it received position feedback signals from the output 
devices . 


Figure 4 shows pictorisUy the inputs that were received from outside 
of the control system. Seven temperatures were sensed including fan inlet 
air, compressor inlet and discharge air, HPT discharge gas, and engine skin 
temperatures in the three areas where active clearance control was provided. 


Air pressure inputs to the system included freest ream total pressure 
which was indicative of the average pressure at the fan inlet and compressor 
discharge pressure. A pressure sensor was provided for HPT discharge pressure 
which is a potential thrust control parameter for the F?S design. This was 
not demonstrated on the cor© or XCLS test vehicle;. 

Inputs were also received that were indicative of fan rpm and core rpr, 
the latter being supplied from a core rotor-driven control alternator which 
also served as the primary source of electrical power for the digital 
control. The control also received 28 volt d.c. power from an external source 
for use during starts end as an alternate power supply in the event of an 
alternator failure. 


Command data was provided to the digital, control through a multiplexed 
digital link which eimilated \tn aircraft interface connection. The primary 
command input was the poo it lor of the engine operator’s power lever, but the 
data link was also used to transmit adjustments and selector switch positions 
fro® & control room Operator and Engineering Panel which provided experimental 


flexibility for demonstrator engine testing. 
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The data link also included a separate channel for transmission of 
multiplexed digital engine and control system data to the control room, 
thereby simulating an aircraft engine monitoring connection. These data were 
displayed on a CSX and mad© available for the demonstrator engine test 

instrumentation system. 

3 

Control strategy for the various E control system functions was 
contained in the digital control’s program memory. Output signals were 
generated by the control and then transmitted to the various actuation devices 
in order to control thorn in accordance with the control strategy. Some of 
this control was done on an open- loop basis , but most was done closed loop by 
utilising electrical position feedback signals from the actuation devices. 

All of the actuation was done with fuel-powered actuators using excess 
capacity from the engine fuel pump through ©lecfcrohydraulic servovalves which 
respond to the digital control output signals. 

Control outputs for the fuel valve and compressor stator actuators were 
handled differently from all others in that they were transmitted to transfer 
devices capable of providing switchover to hydromachanical control for these 
two variables only. In the event of a digital control system malfunction, 
fuel and stator control shifts to the hydromechanics! backup plus all other 
controlled variables are set at safe positions so that the demonstrator engine 
would continue to run satisfactorily and could be shut down in a safe manner 
for correction to th© malfunction. 

System elements and system operation are discussed in more detail in 
the sections which follow. 

4 . 1 DELIVERY Argft CQTOOh 0? FUEL FLO’*? 

4.1.1 FUEL SYSTEM DESIG N 


In designing the fuel system, it was recognised at the outset that many 
of the considerations for establishing the highly successful fuel system 
designs on current transport engines, such as the CF6, are equally 
applicable. Therefore, the system was patterned after the CF6 system in many 
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ways, with modifications mad® mainly to reflect the use of a digital control 
and a significantly different combustor. A diagram of the fuel system design 
that resulted for th© ICLS engine is shown on Figure 5. 

An engine-driven, positive displacement vane pump with an integral 
centrifugal boost element is used in the system for pumping. Pump discharge 
fuel passes through a pump-mounted filter and into the fuel control mounted on 
the end of the pump. 

In the fuel control, fuel metering is accomplished by the combined 
operation of the metering valve and a bypass valve that returns excess fuel to 
tho inlet of the vane pump element. The bypass valve maintains a fixed 
differential pressure across the metering valve so that the metering valve 
area determines the amount of fuel flow supplied to th© engine combustor. Xn, 
the primary operating mode the metering valve is positioned by the digital 
control, and in th® backup mode (discussed further in Section 4.4..1) it is 
positioned by th© hydromechanical computer. A transducer on the metering 
valve provides position feedback to the digital control. 

Hetered fuel passes out of the fuel control through a pressurising 
valve which ?s necessary to maintain sufficient pressure to operate fuel 
servos at low flow conditions and through a cutoff valve which provides a 
means for positively shutting off fuel to the engine. The fuel then passes 
through a flowmeter (which is included to provide experimental test data) and 
an engine lube oil cooler. Downstream from the cooler the fuel flow is split, 
part going to the pilot sons and part going to the main zone of tbs 
combustor. On/of£ valves in the main zone and pilot zone lines provide a 
means for modifying local fuel-air ratios in the combustor under certain 
conditions as explained below in th© discussion on fuel flow split control. 

4 . 1 . 2 FUEL COHTROl, STRATEGY 


Fan speed was selected as the basic fuel control parameter. Control 
strategy for fuel flow is shown in block diagram form in Figure 6. 

Fu©l flow, for the most part, is modulated to control fan or core rotor 
speed in accordance with the potior lever angle (PLA) schedules shown as blocks 


12 





























in the center and lower left portion of the diagram. For ICLS, the schedules 
are set up so that the core speed schedule is in effect from idle to 
approximately 30% thrust and the fan speed schedule is in effect above that. 

Limits are imposed on the basic schedules to prevent excessive HPT 
inlet temperature (calculated), excessive LPT inlet temperature <T42> . and 
excessive compressor discharge pressure <PS3>. In addition, transient fuel^ 
orWules and limits are included to Cl) prevent compressor surge during rcto 


accelerations, (2) prevent loss of combustion during rotor decelerations, and 
(3) limit thermal shocks (by limiting fuel flow rate-of -change) . The 
schedules and limits are combined in a selection network which establishes 
priorities and assures smooth transition between control modes. A manual 
input is included to provide the capability of adjusting fuel flew from a 
control room potentiometer to explore subidle engine characteristics. 


The output of the selection network is a fuel metering valve position 
demand that operates a position control loop to position the valve, thereby 
setting the desired fuel flow. 

4.1.3 FUEL FLOH- SPLIT CONTROL STRATEGY 

The double-annular combustor shown in Figure 7 required that fuel from 
the main fuel metering valve be split between pilot and mam zones. The 
required flow-split characteristics are listed below. 

Start Mode - Full fuel flow was required to the pilot zone to assure 
ignition and best combustion during acceleration to idle. 


Run Hode - Full Fuel flow to the pilot zone was required at idle when 
not in flight to provide minimum exhaust emissions. Above idle or in flight, 
fuel is required to both zones. 

Dece-1 Mode - Two experimental options are provided if decel blowout 
problems are encountered: 


a. Temporary switchover to enriched main zone 

b. Temporary switchover to pilot zone only 







Transiti on - For transition to full burning mod®, main zone flow must 
be temporarily held low to provent pilot starvation as main Injectors fill. 

The control strategy designed to meet these requirements is shown on 
Figure 8. The block at the upper left provides the basic on/off logic for the 
- main zone shutoff valve and the blocks at the bottom provide the pilot son© 
reset that is part of this transition mode. The blocks in the center provide 
th© main so n© throttling function to prevent pilot zone starvation during 
transition to full burning. The duration of throttling is varied as a 
function of total fuel flow as indicated by main fuel metering valve position 
and as a function of the time since last main zone operation. 

The decel mode logic is shown in the block at left center. Engineering 
panel adjustments required to trigger this mode are provided so that this 
function can be modified or deleted altogether from the control room during 
engine operation. 

A manual mode is also provided for both the main zone shutoff valve and 
the pilot zone reset valve which allows each valve to be independently 
positioned from the control room during engine operation. 

The output of the main zone shutoff logic network operates the main 
zone valve through a control loop that includes position feedback so that the 
valve can be set at any position from fully closed to fully open. The pilot 
zona reset valve servocontrol does not include position reedbaek so this valve 
can only b© set fully open or fully closed. 

4.1.4 FUEL COHTROL LOOP DETAILED DESIGH 

Design details of the fuel control strategies just described were 
defined primarily on the basis of predicted engine cycle characteristics using 
data from the computer model of the engine at steady state (cycle deck/ and 
data from transient computer models derived from the steady-state model. 

The basic fuel control system scnedules of core and fan rpra as 
functions of power lever angle wore designed so that the relationship between 
angle and thrust is nearly linear at 1CLS operating conditions. The 
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schedules , shown on Figure . - ». are a^bo 

CPS, schedule Is normally in effect shove approximately 70 power 

corrected core rpm schedule is in effect below. 

* /»riritTOl lOOP W®E"0 designed 

The dynamic characteristics of the fuel control loop 

. M , !tw OTa iysis techniques and by the use ot a transient 

, the us® of linear stability analysis . 

model of the engine and control on a hybrid compute*. . 

, w , hrrf'd on the steady-state cycle dectt 
The transient engine taode* *** on \n. 

wlth component subroutines prcgr^d directly from the cycle ^ source. 

r,U dins- in Figure VI shows the infection flow thrcu.h ho »dol.^ 

Tho diagram consists of blocks connected by flowpath tochniq.c.. 

represent tho component subroutines Just noted. Each blech 1 J 

tho engino-cooponont thermodynamic function represent^ therein. ^P^- 

tho engine components on each pass include flight con .ons, 

variables from tba iteration logic, rotor speeds from tho rotor simulations. 

and control variables from tho control simulation. Compressor • 

horsepower extraction are not shown but are included. Separa o <• • 

horsepower iteratioa logic, rotor simulations, and 

represent inputs and output* tor 

control simulation. 

The stability analysis effort and the transient model work resulted in 

control system dynamic characteristics that produce the engine tranaUn 

, v^eh is a set of data traces showing a 

characteristics shown In Figure 12 *hich is a . , 

fast deceleration followed by a fast acceleration on the transient model. 

The dynamic design work Just described use limited to the region above 
idle because the engine cycle deck and transient model are lUitn » * 

region. Therefore, a separate subidle engine model was prepared U. aid In 

... ......... <I~.~i.u~ >" - 

was patterned after a similar nubldle modal for an eating «*l«» « 
adjusted to match predicted characteristics at idle. It was turner a Jus - 
when actual subidle data became available from component teatint of •* 

compressor and HP turbino. 


Figures 13 arid 14 sh 


typical subidle model data pertinent to control 


of fuel flow and to choice of a starter 


nesiun objectives caa.1 fa*, u 
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Figure 12. Hybrid Model Transients (Concluded) 
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60-second start on a standard day, while maintaining at least 10% compressor 
stall margin and limiting turbine inlet temperature to 1223 K (1750* F) 
maximum. A preliminary fuel schedule meeting the latter two criteria is 
plotted on Figure 13 and the resulting core rotor torque characteristic is 
shown in Figure 14. 

4 . 2 CO NTROL OF C0 HPB 5SSQR STATOR VAKBS 

4.2.1 COH PRgSSOR STATOR A C TUATION MB CONTR OL 

On the ICL3 engine the compressor IGF * s and the first four stator 
stages were variable and ganged. A system of levers and annular rings 
surround the compressor so that the stages move simultaneously with a 
staga-to-stage relationship established by linkage characteristics. As shown 
in Figure 15 the linkage is operated by a pair of fuel-driven rain actuators 
that are normally controlled by the digital control through an 
electrohydr&ulic servovalve. Position feedback to the control is provided by 
a position transducer connected to the actuation linkage. In the event of a 
digital control system failure, control of the stator actuators transfers to 
the hydromachanical control which provides a basis schedule similar to that in 
the digital control. This is described further in Section 4.4. 


On the core engine the compressor XGV’s and the first six stages were 
variable and were individually controlled by Test Facilities provided 
equipment. 

4.2.2 COMPR ESSOR STATOR CONTROL STRATEGY 


The conventional practice of scheduling compressor stator angles as a 

3 

function of r pa and inlet temperature is used for the E » but the added 
computational capability offered by the digital control is utilised to 
supplement the basic schedule t nd to further exploit the potential of variable 
stators to improve engine operation and performance „ 


Figure 16 is a block diagram of ths stator control strategy. The basic 
schedule is shown in the next-to-top block on the left with the modifiers 
applied to it through downstream summations. The modifiers are described 


?3©iOW. 
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Figure 16, Compressor Stater Control Strategy. 











4 BE .g Q . ach , Res et - This feature in effect provides an alternate schedule 
that closes the vanes much further than normal in the approach thrust range. 
This results in higher core rpm during approach, thus making it possible to 
regain high thrust more quickly in the event of an aborted landing. This 
concept, tried biefly during the MSA/ GE QCSKE program, is included in the 
® program so that it can be explored further, 

BgAfl Re se t - Experience with CF6 engines has shown that heavy rain 
causes a reduction in compressor inlet temperature (T25); rapid termination of 
raxn, combined with T25 sensing lag, can cause compressor stalls. This reset 
causes a small stator vane closure when sensed T25 is lass than calculated T25 
(as it will be in heavy rain), thereby increasing stall margin. 

Sg eed %ateh Reset - Experience has shown that engine deterioration 
often results in a reduction of core rpm relative to fan rpm and a 
corresponding reduction in core efficiency at cruise thrust settings. This 
function detects a deviation from the normal core rpm/ fan rpm relationship and 
adjusts the stator vanes to restore the original relationship. 

S sa a slg nt, Ho set - The basic stator schedule is designed to provide 
optimum steady-state compressor performance. But it is not necessarily the 
bast schedule for rotor speed transients. For this reason, a transient 
schedule reset was included to provide potentially improved transient 
characteristics. Based on past experience, it is expected t! it a stator reset 
in the closed direction will provide additional transient surge margin and 
better transient characteristics. A reset proportional to the rate of change 
of speed is incorporated for empirical evaluation. 

Switches are provided as shown on the block diagram (Figure 16) to 
allow the above modifiers to be disabled during the test program so that they 
cannot interfere with normal stator scheduling. Also, adjustments are 
included (not shown on diagram) to eliminate the effects of individual 
modifiers. 



4.3 


ACTIVE CLEARANCE CONTROL 


4.3.X ACTIVE CLEARANCE CONTROL MECHANIZATION 

3 

There are three separate active clearance control systems on the E . 
one for the aft stages of the compressor, on© for the HP turbine, and one for 
the LP turbine. They are shown schematically on Figure 1?. 

Clearance control in compressor Stages 6 through 10 is achieved by 
passing a variable flew of Stage 5 bleed air over the compressor casing in 
this region to provide a thermal adjustment of casing dimensions. The Stage 5 
air extracted for LPT purge is ported so that it can flow through the 
compressor clearance control chamber and through an external bypass pipe. Air 
from these two flowpaths is ported to a rotary three-way valve which is 
designed to provide virtually constant total flow but a flow split between the 
two flowpaths that varies with valve rotor position. The valve is positioned 
by a fuel-operated servoactuator controlled by the digital control. An 
electrical transducer within the actuator provides position feedback to the 
control . 

Turbine clearance control is achieved by impinging variable amounts of 
air, independently, onto the HP and LP turbine casings to provide thermal 
control of casing dimensions. Both systems utilise fan discharge air picked 
up by scoops in th© fan duct pylon wall and passed through variable area 
butterfly valves. These valves are independently positioned by fuel-operated 
servoactuators similar to the one used for compressor clearance control. The 
HPT clearance control system also includes a provision tor introducing 
compressor discharge air onto the casing. Studies, using the clearance model 
described below, revealed the desirability of using this air for a brief 
period immediately after engine start in order to establish proper clearances 
quickly and, thereby, eliminate the possibility of a rub if the engine is 
accelerated before th© casing can heat up naturally. The studies showed a 
similar feature which was not needed for the LP turbine. This feature was not 
demonstrated on the core or XCLS test vehicles. 
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Figure 17. Clearance Control System. 
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. , * nvefi-if'pi clearance ac cwi.^ . 

@ Provide mtnitiA'.ui ptac^icu. 

. * • <u iaGif l©ct lO.iS * 

© Provide, extra clearance for taUeoff CUl! 

© Prevent hot rotor reburst rubs. 

© Fail-safe (i.©.. to wanimm clearance). 

. rontrol of clearance air valves for core/XCLS 
© provide manual remote control 

experimental flexibility. 

, . . rtf Anfininp a control strategy for the 

t-rV-b the task of seniuttb ** 

In processing wl-» tl ‘" ,. s „ ga ot - direct 

clearance control «"*«*». to the digital, control and 

clearance sensing to pronde teeooacl. on on operating 

thus allow direct control of claaraneaa. Cl^o - - ^ — ^ not 

engine hM been — -ed - « ^ - - on initial m 

far enough along In daveis,^ strategy that does not 

engines. Thus, it was necessary to develop 

depend on clearance sousing. 

. % pf.paf-j'.rn' lS3it.tl©i®at JLCSl 

... « rSrt *t.«rtn of clearance’ control 

To assist in tho eofinUton ot etc. ,i OP naico control 

. . «i™vit-s involved ift active cic,cru.,.w 

TO dea of , , A mussed in some detail in Seteeue* i. 

were utilised, uies© tA ~ happens to be? 

3 t T-odal in shorn in Figure It. 

ante fro» the B clestonce^dol I it shows that th. system 

f0 r tho HFt. but it U ^ ^ clearance nt tnUooff conditions from 

is capable of nodulat-n» n„ -* _ eic bleed flow within the 

0.279 to 1.346 « <0.011 to 0-033 «.>*-' - - Qf cora al rflew. 

range established by engine yd* ^ ^ lately after 

mximm'). This figure also ;,huv,s t » ^ j i8 m ch less than. 

a rapid rotor acealoratloe v-W a ** J Tho «a*i*w* 

n-u friinv «pptft amount c*. cco^d..^. 
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.. ~ .I*—*- »• •< 

. ■ «»_*». mist fas iisposod on cooling 

TOdol data suggests that a Unit trust »e w 

rpa. Figure* 19 shows just such a limit. 

„ . v<k ^e a , pi*, 0 revealed that an orderly 

Ass mi«ht be ejected* the moael rev«<* 

rslati— ta staad^t—* 1 shown 

rotor rp® (shown h, the solid Unas in n g u,e 20). Tne « 

here suggest that a schedule o* casing — ; troj(Sctory for 
could serve as an Indirect method of contro * — ostebll3hed on the 

such a schedule is «ho*m on Figure 20. The trajectory « 

basis of the following criteria: 

. *«» dieisranoG of 0.40$ cm (0.016 in.) at 

• Set the desired minimum running clearance or 

jaaKiiissiSB cruise conditions. 

~ ♦-« n psa (0.025 in.) at takeoff 
9 provide additional clearance up to <>.635 * 

and climb conditions to accomodate maneuver deflections. 

. get additional clearance at lower cruise power settings to prevent 
Inadequate clearance transiently after an acceleration. 

e Provide maxis*- clearance at power settings below cruise to provide 
® Proviso ®b*.ww thtt total engine 

emple margin for accelerations. ( y setting 

, i fights occurs in this powa- 

fuel consumption during normal B ^ 

region; thus, the extra clearance margin has neglis ■ 
fuel US0.) 

The initial schedule derived in this manner is show* in Figure 21. 

, tatB3 of parameters corrected to cove 
Bote that the schedules are defined in the eBSm manner 

engine inlet temperature. Similar schedules were derived 

for compressor and U>t clearance control. 

in order to assess the transient effects of scheduling casing 

rin'-ranw) in the manner just deocriboip 
temperature (and thus steady-stare clearance) traM i„t B wore 

Che schedules were incorporated into the clearance model «**«”. 

22 shows typical data from the HR clearance «».l 
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acceleration. This data reveals ano^r^eairablo a£ter an 

easing temperature tha casing temperature is below 

acceleration from idle to tehee P • closo(lt ttl9 thermal 

schedule and the clearance “ nt ~ ” " 8uc{i ttot clearance remains in 
characteristics without cas thereby providing the 

theo.sss to 0.702 cm CO.0,5 to 0 030 £> that occur during tsheoff 

additional margin desired for tha engine 

and init ?.£•*. cli®b . 

— — ~ » - —-rr”; “ 

interesting characteristic^ *. casing temperature for about a 
Stage 5 clearance to takeo£f p 0 «er. By rotating the 

minute after an -coleratl ^ £low pooi tion during this 

clearance control valve ^ ^ provl de the extra clearance 

period, casing growth can be acoe & ^ run showing the effect 

margin desired for takeoff and initial 
of this feature is shorn in Figure 24. 

. tes^jerature scheduling concept successfully 

«ith the casing temper clesrance control strategy 

demonstrated on the clearance model, dots Bt rategy for the 

definition proceeded. Fi^ ^ ^ casing temperature scheduling 

HPT clearance control y . • of fcha dUv- . The decel override 

function is shorn in the upp ^ ttm event of hot rotor rehurst 

ohown below this “ „„ acce leration before the rotor, which 

(that is, a dacaiera on ^ st eady-atate temperature). & rapid 

cools slower than tho css * . close and r eras in closed 

deceleration causes the ^tate level. Xf the 

until the casing tomperature ^ temperatures are established, the 

Zro^rT pirated and the casing temperature schedule functions 
normally . 

r . n . n , fU( , d when the manual mode is 
A manual control ^ # £uact l 0 n of a potentiometer on the 

selected, the alt va vc contro I room so that clearance control 

digital control operator pane ui ovaluato d. A decel override is 

system characteristics can be experimentally 
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Figure 24. Transient Compressor Clearance With and Without Control 
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included in the manual mode to preclude a hot rotor raburst 1th the air valve 
inadvertently left open ifUr a deed. This override, once activated, remama 

in effect until manually reset. 


In addition, the block diagram of Figure 23 shows the casing heating 
features that provides quick warmup after an engine start so that an immediate 
acceleration to high speed can be made without encountering a rub. In 
the automatic control mode, this on-off function is triggered as a function o. 
casing temperature with the valve open below steady-state idle temperature an . 
closed above . h manual mode is also provided. The casing heating foacuro was 
not included on the test engines hut would be part of a production engine 

design. 


The control strategy for the LP turbine is functionally the seme as for 
the HP turbine, except that no casing heating feature Is included. Clearance 
model runs showed this rapid pcststart warmup is not necessary for the LP 

turbin© . 


Figure 26 shows the control strategy for the compressor clearance 
control. It includes a basic casing temperature regulator, a decel override, 
and a manual mode that ail function the some as those Ln the turbine clearance 
control systems . In addition, it includes an air temperature override which 
positions the valve to cause clearance control air to flow over the casing 
when the air temperature exceeds the cosing temperature. T is Is the extra 
acceleration margin feature described earlier. To eliminate the need for a 
clearance control eir temperature sensor, this temperature is calculated rom 
compressor discharge pressure end compressor inlet temperature, both of which 
are already sensed by the control system for other reasons. 


4.4 


FAILURE PR0TECTXQ 1 


Protection against failures that can cause control or engine 

1 J. 


operational problems is an improtant aspect of any control ryatem design. For 
the B 3 system this is particularly important because the dlflU contro1 sn 
associated elements are in a relatively early stage of development. Control 
redundancy is one conventional means of providing such protection; hence, uual 
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redundant digital controls are proposed for the production engine system. , 
Because the definition and implementation of redundancy was consldere -yon 
the scope of the present program. less costly failure protection features were 
incorporated for the core and ICLS engines. These are described in toe 
paragraphs fee low . 

4,4.X HYDSOKSCKAIglCAL B^CKOPjg OHTgSIa 

The test engine control system includes an F101 hydromechanical main 
engine control which is used primarily for its fuel metering section, 
controlling fuel flow in response to a signal from the digital control. The 
control also includes a hydromechanical computing section. This section is 
employed to provide backup control of fuel flow and core stator actuator 
position. Figure 27 is a general schematic of the backup system. Figures 28 
and 29 show additional functional details. 

In the primary mode, the latching solenoid valve positions the transfer 
valves so that the fuel metering valve and the core stator actuators are 
controlled by the digital control through the olectrohydraulic fuel and stator 
servovalves. When the latching solenoid Is energized to the backup positron, 
the transfer valves move to their backup position. Here the fuel metering 
valve and core stator actuators are both controlled hydromechanicaUy by the 
fuel control. In this condition a position switch on the stator transfer 
valve signals the digital control to deenergize all outputs so that built-in 
offsets in the output devices cause all other controlled variables to go to 
safe positions. The valves controlling fuel flow split go to the full burning 
condition, the start bleed and start range turbine cooling valves close, and 
the clearance control valves go to the maximum clearance position. The latch 
feature in the solenoid valve assures that the existing condition, either 
primary or secondary, is retained until a definite signal is received calling 

for a mode change. 

A selector switch in the control room sets the basic system operating 
mode (Figure 20). With the selector in the normal position the system will 
normally be in the primary mode, but it will switch to backup position if «> 
the digital control power supply voltage is low, (-) If the digital cant 
self-test computation shows a fault, or (3) If a core rotor overspeed occurs 
46 
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which sends a fuel pressure signal frem the fuel control to an overspaed 
pressure switch. Selector switch positions are also provided that set manual 
mode only, primary mode only, or existing mod® only operation. 

4 . 4.2 

The digital control system incorporates a number of electrical sensors 
that are necessary for proper system and engine operation. Provisions must be 
ta&de to accomciod&te occasional sensor failures without significant operational 
effect. This could be don© with sensor redundancy, but this adds cost,, 
increases maintenance activity, and requires additional mounting provisions on 
the engine. Instead, the computational capability of the digital control is 
utilised to provide the equivalent of sensor redundancy without multiple 
sensors by employing a failure indication and corrective action CFICiO concept. 

the basic FIC& concept involves the incorporation of a simplified 
engine modal in the digital control software, along with sensor failure 
detection logic which monitors sensor signals and replaces failed signals with 
model-generated substitutes, k mathematical filter technique (extended Kalman 
filter) is used to continuously update the engine model using data from all 
nonf ailed sensors. 

Figure 30 is a diagram of the FICA, The engine model, outlined in the 
center of the diagram, is initialised with sensed inputs. It then continues 
to compute the state-of-engin© variables based on inputs from (1) 
environmental sensors, (2) the fuel control loop (fuel flow rat© of change), 
and (3) the model/sensor signal comparison through the update matrix. If any 
of the sensor signals deviate from the equivalent computed state variable by 
more them a predetermined acceptable amount, the computed value is substituted 
in the control strategy. The error for that variable is eliminated from the 
update process, and the model continues to compute all state variables with 
suitable accuracy. 

In the demonstrator engine program the FICA concept was demonstrated on 
the XGLS engine. The core engine had a loss extensive control system (no 
LPT-raiated control and slave controls for core stators), employed a simpler. 
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out-of- limit strategy for sensor failure protection. When any sensed input 
beyond the normal operating range the digital control taken the following 

action: 


Coro Speed 


Cora Inlet Temperature 


Compressor Discharge 
Temperature 


Compressor Discharge 
Pressure 


- indicate self-test failure, switch fco 
backup mode 

- Substitute valve from manual T25 
potentiometer on operator panel 

- Substitute valve calculated from core 
speed and inlet temperature 


- Substitute value calculated from core 
speed said ambient pressure (as indi- 
cated by potentiometer) 


Exhaust Gas Temperature 


Casing Temperature 


- Substitute valve calculated from core 
speed and inlet temperature 

_ g Q t associated value at maximum clear- 
ance position 


Compressor Clearance 
Valve Position 


Turbin® Clearance Valve 
Position 


Main Zone Shutoff Position 


- Sot control output tc zero, valve goes 
to maximum clearance position 

_ Set control output to zero, valve goes 
to max imum clearance position 

— Sat control output to zero, valve 
opens 


Fuel Metering Valve Porition 


Indicate self-test failure, switch to 
backup soda. 


Power Lever Position - Switch to backup *°de 


7f ~ 


5S 1 

T7 4™ 
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. , ..... functions wore also included in the ICIS control 

These out-of-limit functi als0 had final authority 

system for use when the non-FXCA mode is selected 

wfrsn FIC& was selected . 

The digital control also includes provisions for responding in ***** 

t-o certain *u*l valve position sensing failures that i«w 
tsartner to g©iu«i« a.ue™. t , . («f,i 

errors within the normal operating range. <U, “ ° ^ h . faUu «,.) 

connections to the fuel valve position transducer can cau-e sue 

, , t o£ change of fuel valve position ana, wh-n x 

The control monitors i«te o£ change lstfs long enough 

, , „ rri-- in excess of the noraal maximum rate that p-tsistc & 

deteats a rsiti* in <jk - . t Flitches to the 

. . - w t-«ndoa electrical noise, it cwxxcneo 

to indicate it is n&c cmand by failure that could 

. t« «•!,»■ wav it protects against a sensor failure enav 
backup node, m this uaj. P ^ stator control 

cause an inadvertent and excessive rise in fuel 

. o feature for the ICLS vehicle test, 

eystea incorporated the same teacuie 


4.5 


4 . 5.1 


cresgRA L DESC jlFgXgi. 


The digital control is a full authority digital electronic control 

rtf integrated core/low spool 
,5,,n 3r i daslRned for operation of tna incegrwcw 

(F&DEC) aosigneo ^ , cooled. For normal operation, 

h, . , _ ti- mounted and ail coojetj. 

configuration. It engine w engine 

electric power is provided by the engine-driven sterna • ^ ^ 

starting, and in the event of alternator failure, power is provided 

alrfraao <t©st cell) 23- volt bus. 

». »«». u 

„ o ~t ■"»"« »• ‘ “1 

» *.e.rt cold plats separates th© chassis m © 

th® engine fram©. k two-si runted on the cold plat© in 

compartments . The multilayer ceramic modules mo 

4. -rh. discrete modules are mounted to the coic pi» 

th© shallow compartment. The discrete mo ' a „ ga£e 

, caa litis air flows through the finned pas.- S 

in the deop compartment. Coo g Electric interface with 

separating the two mounting sides <* sectors. Two air 

the control is through raven mil-mounted electn ^ ^ 

pressures are piped to the control and penetrate the cu»s^ 4 

module pressure sensors/transdueers. Housed with n the con t ^h^ ^ 
multilayer ceramic modules. Id discrete potted modules, 
wrds. 1 relay, and 8 adjustment potentiometers. 
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only through suitable OB (electromagnetic interference) filters. 

The digital control accepts inputs from inside and outside La* contj 

system. th. outputs control signals to the control system a® 

s. / r .v . r1 , ?C3 oroprGFssd into the control. Inputs anu 
control system strategy progra— « 

outputs are shown on Figure. 31. 

The simplified schematic (Figure 32) shows the input/output «- 1 ™' 
the processor section, and the miscellaneous section. «- npu put 
section includes the 16-hit buffered data hus (BD-bus) as its data path to 
central processor. Digital information is passed from the inputs onto 

.««. «— «• ““ “ “ ““ rr“ .... w.« «... «. 

information is also passed from the D-hua through th. tr state 
BD-hus and into the output circuits. All data transmlasron is 
control of the central processor and on a timesharing hears. 

consist s of an address bus (AD-bus) and a D-bus. 
The processor sectron and 

, . ■ of fine ccncroi. will pass 

All data information into and out o£ 

into the processor. And all destination information will pass over ^ - 

end will determine the source or destination of data present on the D- . . 

■phi* miscellaneous section contains a linear variable pitas® transducer 
ttm) excitation driver, a crystal control doth oscillator, and an 
alternator-driver power source with a 28 volt d.c. power source 

Tha digital control provides the computational capability for the 
selected control system. All of the control law programs, sign* 
conditioning, data processing, and input/cutput capabilities nee « P 

the desired engine operation and interface with the sensors -nd ectu,. 
components ere included in tha control. 


54 




'••arrrt 




Fuel Metering Valve 


Main Zone Shutoff Valve 


Core Stators 


Coisp Clear a ace Valve 


HPT Clearance Valve 


LPT Clearance Vslv 


Fuel Metering Valve 


Main Zona Shutoff Valve 


Core Stators 


Comp Clearance Valve 


OPT Clearance Valve 


LIT Clearance Valve 


B. Other 


RPM, Core 


RPM, Fan 


Temp, Fan Inlet (RTD) 


Temp, Core Inlet (RTD). 


Temp , Turb Gas, (T/C) 


Temp, Comp Casa (T/C) 


Temp, HPT Case (T/C) 


Temp, LPT Case (T/C) 


Temp, Comp Discharge (T/C) 


Altitude Afflbiant Pressure 


Component Discharge Pressure 


C. Pover 

I Engine Alternator 

P 28 Volt;. DC 


Digital 

Control 


Backup Selector 


Pilot Zone Reset (on-off) 


RID Excitation 


LVPT Excitation 


HPT Casing Heating (on-off)* 


Aircraft 

Interface 


*FPS Only 

Figure 31. Digital. Control - Inputs and Output 
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Digital Control Schematic. 



4.5.2 MICROPROCES SOR 

. , CPU > is based on an array of four 4-bxt 

*“ central I the 16-hit word, this is a f»U» 

microprocessors cascade flhow6 a simplified block 

machine operating at 3.5 »> cloak rate. ««» contc oi. 

diagram of the ,-bit slice UD 2,01 microprocessor u twJ . a 

/v i miecS&l purpose, (2) rraccxouai. 

Features of this processor arc U) «lt- - «> «« 

6 * n,.^di-anfc. (4) microprograms^ . (5) 3.* wa 

compile w ‘ q ■* ‘ * , bU?tv (7 ) 512 -word RAM size, (8) 

word program memory addrcssxug i ~" ,f * Q0) low „ p0 wer Schotthy 

^-instruction repertoire. (9) 16-bit word sate, and (10) 

TTL logic family. 

This processor is microprogrammed* which enabled its design to be 

. , .Plication. Such tailoring makes it a 

tailored for this engine control appli algorithms using 

special-purpose machine. This 16 -bit machine computes algori 

fractional arithmetic in two's complement notation an 

microinstructions which include. 

. input, output, and an address strobe instruction 

0 Load instructions from various sources 

. Add and substract instruction of different locations 

* A store instruction that pieces data in a specified location of 
read/write memory 

e A four-quadrant multiply and divide Instruction 
© Register exchange instructions 
© Magnitude with limit instruction 

0 Various limited instructions to prevent data overflow 


0 Eight- 


left-shift instructions 
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4. 5. 3.4 Scratch Pad Memory 


The scratch pad memory is used for temporary values during the 
calculation process as the program is executed; it is a 0.5K random access 
memory (RAM) having read/wite capability. Each location is available for 
input and retrieval of data. The RAH is located in the digital processor MCM 

KB6 (A16 modulo) . 

4 . 5 . 3 . 5 Microprocessor Memory 

The microprocessor memory is the repository for the processor 
instruction set. This is a read-only memory (ROM) , accessed by the 
microprocessor during execution of the control program. The ROM is located in 
the digital processor module HB2 (A16 module) . 
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5.0 SOFTWARE DEVELOPMENT 




5 • 1 SOFTWARE DEVELOPMENT AND VERIFICATION PROCESS : 

Softer© foe the digital control was developed following a six step 

process as illustrated in Figure 34 and summarised be ley. 

1. Generate the software performance and design, requirements: review 

these two r equ 1 r omen. t c to verify adequate coverage and 
understanding of the control system requirements . 

2. Code software modules and test, lire modules are defined in the 
above software performance and design requirements . Kodules for 
elements such as control laws, schedules, and switching logic are 
coded in FORTRAN HGL for compatibility with a FORTRAN dynamic 
engine model (which is used in Step III to perform initial testing 
against the control system requirements). Hodules for elements 
which require special machine instructions (such as self-test) are 
coded in assembly language; these assembly language modules are 
tested with a software emulator. 

3. Integrate software modules and test. As shown in Figure 34, a 
dynamic computer s inflation is used to test the integration of the 
modules coded in the FORTRAN HOL. Such testing is quite effective 
in finding software errors at an early point in the design process, 
and it eliminates th© expense of many compiles/assemblies to 
machine code during the de-bug process. Figure 35 describes the 
dynamic computer simulation used to test the integration of the 
modules. This closed- loop simulation includes computer models of 
th© HOL control code, sensors, actuation systems, and the engine 
transient performance. Thus, the code can be conveniently tested 
over a range of conditions, during both satic and transient 
operation. 


4. Compile and assemble the total source file; test machine cede with 
th© Software Transient Simulator. This Simulator tests the final 
machine code file (which results from the merger of the assembly 
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code and the HOL coded fetation of the 

Computer, using a Viator mahea P<— 

target computer. a to tsl computer 

closed-loop testing of ^ ^ J^ ulte off@ctiv<8 in debugging the 
environment and has proven ^ conditlons , both statically 

total code over a Fi8ur0 3d. the elements of tho 

and dynamical > . emulator subroutine, the 

«« ---i: “ ^ - engine digital transient 

actuator/outpu^J aubro subroutine, and the masce, 

performance model, the plates the functions 

Input subroutine. respect to the software 

««u- - »■* r«i — - 

instructions contain©^ ^ eBulat or provide information on 

memories D la 8 n° ^ confc ents. and memory contents, 

overf Lows , t Lifting , o 

. h *rd for the control and test with an 
S ' rmrir Teh — an interface simulation and a 

real time engine model. 

6 . using the machine code memories (PHOH’s) and the 

programmed into ^ mEC w hich is then tested with 

PROH’fc are inserted i <- 
the electronic test bench. 

. f0 _ th9 software development and 

~ above described si* eteps^t ^ ^ contr ol 

:icatlon procoss were us^^,^^^ ^ ^ 1£icstior . precis are the 

SKU Subsequent to tbl Section 6. 

are discussed in Section 

rol systems tests, wnica 
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$ . 0 nm-l TROL SYSTMSJT SST 


Xwo control system toots worn conducted: one prior to the core 

vehicle toot end the second prior to the ICLS vehicle toot. 

The hardware m. used Cor both oyotem toots (the core control 

„. te , toot did not include hardware required for the ICU toot vehicle). 

Beouito of the core control systems test demonstrated the functional 

characteristics prior to its use on the core. «hlch duo to the o.mlar y •- 

- «.*,« nf fche IGLS control systems 

the t^o control system tests, only t 

tost results will b® covered in detail. 


i 


6.1 T^:5T PUBPOSS 

This program 

characteristics of 
engine. 


conducted in order to 
XCLS engine control 


demonstrate the functional 
prior to its use on an 


6.2 con clusions 


, . c it,* control Esystssi is satisfactory! 

9 Xh© overall functioning of the & control 

. The fuel control will automatically switch to the hachup 
hydromechanics! control if t 

a. Backup is manually selected 


b. Engine is shutdown 

c. Alternator falls or digital core speed signal fails out-of-limits 
strategy 

d. Metering valve feedback signal fails out-of-limits or feedback 
sensor failure strategy 
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I ,.ii! out-of-H®lts or feedback 
a . coca stator valve feedback signal 

sensor failure strategy 


f . Cora spesd as sensed "by 
trip point 


control exceeds overspeed 


„ » — - -> — r 

„ t -u., »• -“'fj” r ,1 - u -»» - ~ 

;hs control data display no longer sno.-s 
select the "normal" position. 

, could be used for starting. 

• The backup hydro^chanicalcont ^ ^ ^ ^ valve . 

providing provisions are ms 

. Mfuw »»*» » l » »Tiw 

fcc , provide manual or automatic transition 
and main seone combustion* 

nv^Mon core stator schedule , and PbA 
* Accel schedule, fuel flow calibration. 

schedule are with acceptable limits. 

. over, peed trip to the backup mode Is fully functional. 

. operation of all air valve actuators Is satisfactory. 

the control system, as evidenced by the core and 
® Dynamic elements o . u five position loop step 

f8n speed frequency response test ana the 

responses v are satisfactory* 

. distal control arc operational* 

o Protection features of the dig* 

t nd Corrective Action (FXCA) can demonstrate 
• FaUUr ° IndlCat “ of core speed, fan speed, compressor inlet 

single software ~ ' temperature. L? Turbine Inlet 

temperature , compressor i ' pressure (CDP). It should be 

temperature , and Compressor Discharg ^ tol „ rance aU l 

noted that enabling W m n “ substituting estimated 

disable the function o£ tne 



recommshcatiohs 

The control syrtea ae fated (except lor tho fuel pump drive epUno) 

* Hid L used for onsino toot. Soto: Visabie -~r - observed on 

tho drive spline, so it was replaced prior to <«nt to the «s no. 

nmnet fiv installed m& secured 
9 Ensure that all connectors atv p F 

( loctari.ro or RTV) prior to engine running. • 

# Prior to switching to primary mode determined that: 

H? -uebin© LP Turbine clearance valves are close . 
Compressor, 1C? Turn me, 

x rpVf. fVQv'0 stator valve lias 

main rone shutoff valve is open. The eo..e sc 

positioned the stator per the backup schedule. This is on 
** . i _ proper position and that 

indication that these valves are in the P P 

they will function properly. 

. preferable -ay to transition from pilot only to pilot and mein 

of the valves end is repeatable. Bote it will he necessary 
utilise tho .annuel node to optimise transition prior to using 

autoiaatic mode. 

. The actual engine fuel flow. as measured by instrumentation vs. 

digital control calculated fuel flow calibrate should be vaUaet. 

end adjusted as required. 

. wtca is to he demonstrated* he 

a Ttip enain© operation* whore iica v . .. 

o Tne ^ ^ ps3 tolerance limit 

thoroughly mopped prior to activating FICA. The 

be ,. t to the maximum prior to activating FICA. and sot to nominal 
value only when demonstrating a PS3 failure. 

. The stall dump hit should be tested with FICA in the -.rack mode and 
corded on a strip chart recorder to determine FICA -caching when 
the stall dump trip is made. 
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6.4 


gmawwAL 1 HF0BH B-TX01 
TPS Ho. SB1156 

Dste Test Started: Dacesber 23. « 82 
Da to Test completed: January a. «« 
Total T«»t Hours: 48 


6.5 2SS3L 


6.5.1 gggSSSJSft 


Digital Control 
Adaptor Box 
Control Alternator 
Fu@l Pussp (KFP) 

Fuel Control 
Main Filter 
Servo Filter (2) 

Overspeed Pressure Switch 
Main Son© Shutoff * alve 
Pilot Zone Shutoff Valve 
Core Stator LVPT 
Core Stator Hecti. Feedback 

T12 Sensor 
T25 Sensor 
T3 Sensor 

Compressor Clearance Control Actuator 

HP Turbina Clearance Control 
Actuator 

Lp Turbin© Clearance Control 

A ~ a. . iW 


DescrlEt Isa 

4013295-416 

EC1691 

9728M71P04 

4013295-286P01 

4013295-02^001 

4013295-034G01 

ACV-2466-610Z 

401345-6 7 7F01 

4013145-684G01 

4013295-360G01 

4013145-357P03 

4013296-57 0P02 

7059H47P01 

7059H47P01 

4013295-246 

4013295-297G01 

4013295-031G02 

4013295-031G01 
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6 . 5.2 GOTSTHOL T?nnM EQUIP^glX 

Aircraft Interface Simulator (AIS) 

Operator/Engineering Panel (OEP) 

Data/Coispluter Display CGF.T) 
Display Interface Unit (PIU) 
Digital to Analog Connector (D/A) 
Data Printer 

Shaft Encoder (FLA) Baldwin 5V242 
B&chup Selectro Unit 
Power Supply (2SV) KF6267B 


6.5.3 CABLES 
W1 

m 

y3 

m 

W5 

m 

¥9 

¥40 

¥51 

¥52 

W53 

¥55 

Adaptor Box Cable EC1691 

6.5.4 FACI LITY HARDWARE 

Core Stator Actuator (2) 


a 


4013295-795601 

-544601 

-546601 

-547G0X 

-541601 

-545601 

4013295-543601 

4013295-549601 

4013262-045601 

1 -045C02 
-045G03 
401326 2-045605 


9SQ7K29P06 


6.6 


tes t set-up 


6 . 6.1 


Th© test parts were set-up 


in Cell 44, Building 703. 


The various test 
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parts wars set-up as shown in Figure 37 . 
electrical cables were connected as shown 
control system drawing. 


The control room set-up and 
an the r? XCLS engine fuel and 


6 . 6.2 


Separate simulation 
provided. 


ions of the pilot son© and main sore fuel nozzle* were 


6.6.3 


Shop air was provided for cooling the FAJWC. 


6.6.4 

Powair to the digital control was provided from two sources: a 28 volt 
DC power supply and the engine alternator. The control power supply ta 
designed to use DC power (below (40%) and transition to alternate power a, 
speed in increased. Transition is coated at approximately 60% speed. 


6.6.5 

TWO decade boxes were provided to simulate fan and cere air hilet 
temperature* as required. 


6 . 6.6 


ii dial-a~volt source was 


to simulate thermocouple inputs. 


.6.7 


TWO systron Donner SD-20 Analog Computers were used to tie the two 
drives (pump and alternator), simulated pneumatic (PS3) , and ,.ua»la .-' £ IP 
Turbine Inlet Temperature (T42) together to provide transient tasting 

capability . 
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IN STRUMKHTATIOW 


6.7.1 



Instrumentation provided as part of the test facility and test set-up 
are listed below and shown in Figure 37.' 


! 


\ - 


■ y- - 


Parameter 

Symbol 

Ban&ft 


Fuel Pump Inlot Pressure 

P0 

(0-100-P8XG) 

6 89. 5 k?a 

Fuel Pump Inlet Temperature 

W 

(0-100 “F> 

17.8 - 37 . 8®C 

Fuel Pump Disch. Pressure 

PI 

(0-1500 PSIG} 

10,343 KPa 

Fuel Punp Disch. Temperature 

Ti 

(0-250 a 'F) 

-17.8 - 121.1*0 

Fan Disch, Temp. Sensor A 

APFDT 

(0-200 PSID) 

1379 KPa 

Hydroraech. Control Disch. 
Pressure 

P2 

(0-100 PSIG) 

6895.0 KPa 

Hydroraech. Control Disch. 

Temperature 

THFM 

(0-250*F) 

-17.3 - 121.1*0 

Hydroraech. Control Disch. 
Flow (Turbine) 

WH 

(300-12000 PFK> 

136-5443 kg /he 

Hydroraech, Control Disch. 
Flow (Ramapo) 

WFFJl 

(300-12000 PPH) 

136-5443 kg/hr 

Pilot Zone Manifold 
Pres&ure 

PPZ 

(0-10Q PSIG) 

6895.0 KPa 

Pilot Zone Manifold Flow 

WPFZ 

(0-7000-PPH) 

0-3181 kg/hr 

Main Zone Manifold Pressure 

PMZ 

(0-1000 PSIG) 

6895.0 KPa 

Fuel System Return Pressure 

PRET 

(0-100 PSIG) 

689.5 KPa 

Simulated CDP Pressure 

PS3 

(0-600 PSIG) 

4137.0 KPa 

Servo Return Pressure 

PB 

(0-100 PSIG) 

489.5 KPa 

Servo Supply Pressure 

PS 

(0-1500 PSIG) 

10,343 KPa 

Hydroraech. Power Lever Angie 

PLA 

0-130 DEG 


Main Drive Speed 

152 

0-8000 RPM 


Alternator Drive Speed 

N2‘ 

0-30000 RPM 



; ■ I 

• 
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6317 RiPK 


HOTS: 100% Ha in Drive Speed * 

100% Alternator Speed =* 23690 RPM 
100% Cor® Engine Speed * 12303 RPH 

Xo eltaiiwte different weed scaling. all speeds ware converted to an 
equivalent engine rp® and will be referred to « 82 unless otherwise specified. 


f,.7.2 PjSlTAL COHTKOh BOTO gBffla 


table 1 is a tabulation of the TCLS Monitor Output variables with scale 
factors , conversion units, and a description of each. Kaw data, that is. data 
fro® tho digital control displayed on page 5 of the CM display and on the D/A 
roadout is in terms of a bit count. In order to determine the value of a 
variable (in engineering units) it is necessary to convert the bit count to a 


scaled fraction number. The 16 bit digital control uses two's complement 
arithmetic with the most significant bit as a sign bit. therefore, the scaled 
fraction number will go from 0 to .99997 as the bit count goes from 0 to 32767 
and frets -1.0 to -0.00003 as the bit count goes from 32763 to 65535. The 
sealed fraction number positive or negative, is then multiplied by the scale 
factor obtained from Table 1 to get the value in engineering units. 

Conversion of signals to DV voltages from bit count are ss follows: 


the voltage goes from 4.991 volts to - .005 volts as the bit count goes from 0 
to 32767 and from 9.990 to 5.071 volts as the bit eount goes from 32768 to 


65535. 

Hoto: This is a linaar relationship. 
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TABLE 1 (1 Of 8) 


ICLS MOHXTOR 


\ A\ 


Scale 


Units 


TSIU80 

sswsd 


OTOLIM 


MS test word (43690) 

Self test word (43690) 

Hod© word, carrying, p©r bit info 

Bit Ft met ion 

0 1 - HUS data bed, 0 - mux data good 

1 Spare 

2 Spar© 

3 Spar© 

4 Spar© 

5 Spare 

6 l — enable backup , 0 — disable backup 

7 1 - backup di*ens&&6&» 0 “ backup eng. 


Spar© 

1 - Block #1 good, 0 - f jailed 
1 - Block #2 good, 0 - foiled 
1 - PLA Fault, 0 - no PL& fault 
1 - Recovery on, 0 - recovery off 
1 - Operator Panel disconnected, 

0 - connected 
Spar© 

Out-o£~limits word 


Function 

1 - SCCC out-of-limits, 0 - in limits 
1 - SIPTC 


1 - XHZSC 
1 - SKFM 
1 - XLPTC 
1 - PTO 
1 - i?83 
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; 4 - I 


t-: p 

Ar*-~ . I 

- 1 


Scale 


TABLE 1 (2 o f 8 > 

m. MOMITOB OUT gllTMS^ (Confd) 
Units BeseriptloB 

Bit Functi on 

R 1 - XBC 


HZSOL 


LQ 1 — SUL 

LI 1 - TW 

12 1 - T*2 

13 1 - T3 

U 1 - T?-5 

15 1 - Disable action. 0 - do not -s- 

eble action 

Hod© word carrying logie 

pit Function 

0 Spare 

1 Spare 

2 Spare 

3 Spare 

4 XMV F/B Sensor 1 - fail®* 0 ” &oc 

5 BC F/B sensor 1 fail®*** 0 ~ s ° od 

5 Spare 

7 pze Auto BHD 1 - close, 0 ~ open 

8 clear Cont man override 1 - close 

0 - normal 

9 Spare 

10 PZR Valve node 1-manual. 0 - auto 

U TCKFT 1-out of limits. 0 - In Umitn 

12 TCCttP 1 - out of limits, 0 - In Ut- 
il TCLPT 1 - out of limits, o - In limit 

14 Spare 

15 Spare 

Operator panel switch information 




\ o' . 


t iT- , ;n ' ; ■ 


OHOBS 
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lit Funct3,oq 

0 WFK icode 1 - manual, 0 - euto 

1 KXSO mode 1 - manual, 0 - auto 

2 CCC mode 1 - manual, 0 - auto 

3 KPTC mode 1 - manual, 0 - auto 

4 LPTC Hod© 1 - manual, 0 - auto 

5 Disable EC & WF 1 ~ disable, 0 - norm. 

6 BETA mode 1 - approach, 0 ~ normal 

7 BETA bias 1 - resets, 0 - bias out 

8 Sens fail bais, 0 - no bias 

9 Disable OTQLXM 1 - Disable, 0 - do 
not disable 

10 P2R men mode 1 - closed, 0 - open 

11 HOP fail update 1 - do not update. 

0 - update Cl /rain) 

12 Alternate PS3 l-altemete, 0 - primary 

13 Idle mode 1-flt idle, 0 - gnd idle 

14 FICA 1 1 - on, 0 - off 

15 FICA 2 1 - on, 0 - off 


ST 12 

ma> 

700 

®p 

Fan inlet tonr w eratura 

ST25P1 

725 

°R 

Actual core inlet temperature 

STS 

1960 

*R 

Compressor discharge temperature 

ST42 

CT42) 

2860 

*R 

HP turbine disc temperature 

STCCMP 

(TCCHF) 

1960 

•R 

Conmressor case temperature 

STCKPT 

(TCHPT) 

1960 

•R 

lip turbine ct.se temperature 

STCLPT 

(TCLPT) 

1960 

*R 

LP turbine cane temperature 

STCa'L 

(2KL) 

4375 

RPtJ 

Fan speed 


u 

I . 



I 
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TABLE 1 (4 


T ,n g mwttob ovsm sm (ContM) 


M&jgg. 

Seal® 

Units 

Siam 

16120 

bpm 

PTO 

23 

PSXA 

SPSS 

500 

PSIA 

(PS3) 

SUFI! 

1 

s.u. 

msso 

1 

S.U. 

KCCC 

1 

s.u. 

IHiPTC 

1 

s.u. 

ELPTC 

1 

s.u. 

ST25 

725 

*R 

a?25) 

SBC 

1 

S.u 

xyM 

100 

liA 

IH2S0 

100 

HA 

ICCC 

100 

KA 

XHPTC 

100 

MA 

ILPTC 

100 

HA 

PCBHR 

150 

% 

IBC 

100 

m 


PLA 

WF36A 

WFACG 

AMODE 


150 

14000 

14000 


DEG 

PPH 

PPH 


:>n 


7^f>CT3. 

Coe'S speed 

Total inlet pressure 

Compressor discharge pressure 

Fuel mtaring ~lv* position <»tr°to - •«’- 3 «•> 
Main sons valv* position (stroke - • . 

Compressor Clear valve position (stroke - 1- £ 
HP turbine clear valve position (stroke - 1.5 £> 
„ turbine clear valve position (stroke 
Sense d compressor Inlet temperature 

Core stator actuator (stroke * 3.315) 

Fuel metering valve T/H current 
llaln son© valve T/H current 
Compressor clearance valve T/H current 
HP turbine clearance valve T/H current 
„ Turbine clearance valve T/H current 
Corrected core speed 
core stator T/H current 
power lever angl® 

Adjusted fuel flo^ 

Accel fuel Usait 
Fuel flow control 


u * 
I'l 


Value 

0 

0.1 

0.15 

0.2 


Function 

Error 

Accel schedule 
Hin stop 
Decol schedule 
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KXMV 

BH2S0 

IQCCCC 

ESHPTG 

bxlptc 

FHODE 
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TABLE 1 (5 of 3) 

rrr.g wnaiTO U Q\?£W lLM£& (Cont’d) 
Units D©££ri2&£2a 


0.25 

Hex stop 


0.3 

142 limit 

; V 

0.4 

Decel J/S. 


0.5 

Accel J /& 

■ • ! 

0.6 

T2M 


0.7 

XBL 

\ *' 

0.8 

PS3 limit 

l \t t 4 

0.9 TAX calc limit 

Metering valve position desumd (stroke - 

P4 

.813 

Main 

Comp 

in. ) 

son© position demand (stroke - .7 in. 
cieer valve position dcnand 



(stroke * 1*5 in.) 

HP turb clear valve position demand 


(stroke — 1»5 in.) 

LP turb clear valve position demand 
(stroke = 1.5 in.) 

Hode word for FXCA status 



EMa£ti£Il 

Bit count indicating no. of allowed 

FXC& substitutions 


Spore 

FICA activated 
PICA tracking 
FICA am«d 

XMFH 1 - substitute, 0 - do not 
T25 1 -• substitute, 0 - do not 
X3 1 - substitute,, 0 - do not 




TABLE 1 (6 Of 8) 


/ XCLS HOgXTOE OUTPUT DA TA (Confc'd) 



Hass® 

Scale 

UnitjL 

Description 





11 

PS3 1 - substitute, 0 ~ do not 





12 

T42 1 - substitute, 0 - do not 





13 

XMi 1 - substitute, 0 - do not 

/ 

A 




14 _ 

XML 1 - substitute, 0 - do not 

i 




15 

Spare 





&OXE: 

The following states can be 

j 

r 1 





derived frora bits 5, 6, and 7 

/ 

1 

. 

j 

l 



Armed 

Bit 5 + 6 + 7 » 1 


| Tracking Bit 5 4-6 * X. Bit 7-0 

| Reset Bit 5 - 1, Bit 6 » 0, Bit 7 » 0 

I Off Bit 5 a 6 a 7 ** 0 

I . 


EKBC 

i 

s.u 

EPZE 

i 



RSSTC 

(IY25> 

100 

% 

YB? 

(Emm 

100 

% 


Core stator position denuand 
(LYPT stroke - 2.134 in.) 

(Actuator stroke =» 3.315 in.) 

Pilot zone valve demand 

Compressor inlet temp (sensod—est) /sensed 
Metering valve (st.-nsed-est) /sensed 


Y7 

(EMU 

100 

% 

RASBV 

(EM) 

100 

% 

KABLD 

(ET3) 

100 

% 

XSDV 

(ET42) 

100 

% 

TTSR1 

(EPS3) 

100 

«■? 

A> 


Fan speed (scnsed-est) /sensed 
Core speed (s©tised~est) /sensed 
Compressor inlet temp (sensed — eat) /sensed 
HP Turbine disch temp (sensed ~ ess t) /sensed 
Compressor dioch press (sensed - eat)/ sensed 
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TABLE 1 (7 of 8) 


(Cont'd) 


11DTMF 

(TFM>EC) 

ST41 

(T4X) 

PCBLR . 

eeeoeh 


250 

3500 

ISO 




OEU internal temperature 

Calc K? Turbin© inlet te®peratur© 


DXHHCL 

(DSSH) 

5000 

BPH/ SEC 

m 

4375 

PPM 

pxmi 

16120 

RPH 

TR42 

2060 

<»♦> 

tskis 

CRTCKPT) 

I960 

®R 


Corrected fan speed 

Mode word sensors out-of-tolerance 

Bit Function. 

0 Spare 

1 Spar® 

2 Spare 

3 Spar© 

4 Spare 

5 Spare 

6 Spare 

7 Spare 

a XMFH 1 - out-of-tolerance , 0 - m tu- 

X25 1 - out-of-tolerance, 0 - In tol 

10 T3 1 - out-of-tolerance, 0 - in t0 * 

11 PS3 1 - out-of-tolerance, 0 - in tol 

12 M2 1 - out-of-tolerance , 0 - i« to1 

13 UM 1 - out-of-tolerance, 0 - in tol 

14 ML 1 - out-of-tolerance. 0 - in tol 

15 Spare 

Core speed derivative 

Pan speed demand 
Core speed demand 

HP Turbine diach temperature demand 
HP Turbine case temperature demand 


;• t 

• A ‘ ‘VV ?*'*•£*' , / » , V * • ** *•*' • * '* ' ^ .+?-* t - •> i* 
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TABLE I (8 of 8) 

ICLS MOHXTOR OUTPUT DATA (Cont'd) 


BfiGBft 

§ssJ& 

Units 

BesscizUfifl r 

TSL2S 

(KZGLF?) 

1960 

°K 

LP Turbina case temperature dessjmd | 

# r 1 

TSC9S 

(BtCCHP) 

1960 

6 H 

Cosspressor case temperature classed j 

TE27 

1960 

e E 

Calculated cowpcesscr stage 5 temperature = 






:,4 
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6 . 7 . 2 DIGITAL C 0 HTF9L MOMITOR1HG C Continued ) 

Table 2 tabulates the conversion factors. 

TABLE 2 

DIGITAL COHTEOL KOglT O SIEg - COMBRSIOa FACTOBS 
SJJzh. SL^JJsiSL Scaled Fraction Humber 


0 

4.991 

32767 

-.005 

32768 

9.990 

65535 

5.071 


Kscesspl©: 


0 

.9999/ 

- 1.0 

-.00003 


Cor© speed (HIM) reads 14000 bits, deterain© the scaled fraction number, DC 
voltage and speed in SFS3. 


14000 _ .jm . SPg a .42725 
32/6? .9997 3 

1LQS0 s ....(4,991 - DCV ) DCV a 2.8564 volts 
4.991 * 

Loolt-up scale factor for core speed in Table 1 = 16120 
Cor© speed •“* .42725*16120 a 6887.2 SPH. 

Th® Eonito?.ing data is available from the D/A connector as voltage readings or 
digital count readings on the connector front panel. Duplicate sets of remote 
outputs are provided, each including the first fifty channels of monitoring 
data t plus fifteen selectable channels that can be connected to any of the 
monitoring signals. 

The control systems GUT also processes many of the monitoring signals and 
displays them on the sc reel, in engineering units. 
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6 . 7.3 TOAMSIE H T IMSTRUagHTAtlOH 





All transient data was taken in Call 51 by Data Systems Operation (DSO) 
and ail M plotting was don© in Call 44. 

6.7.4 oggg^ggg^ giBggEiyw pftWTgL aiMS tm mmw mMM. 

Table 3 is a list of the sdjuataaat potentiometers CIO turn) on the 
©peretor/engineerins panel choking the base setting <*•«•* setting at 5 tumi/ 
end adjustment ranges . 

Table 4 is a list of the switches on the operator/ engineer ins panel. 


Tti© potentios&eter and Switch settings are 

in digital counts ©nd engineering units. 


displayed on the system CSX 


Tti© control software was modified one© during the system test. Bata 
taken is- identified by the software version v»\ >d for that test. X»*e 
versions aie listed below. 


1CLS 1 - Control software as originally 
system*' test . 


delivered to cell 44 for 


XCLS 2 - 


us ICLS 1 except: 


a. Added feature tj sts>** in pristary control in event that stall 
dt asp kit is tripped. 

b. Modified main aone shutoff logic to provide proper staging 

sequencing after closing on a deceleration, ifite: The main 

sons will be closed during a dccel only if it is required to 
keep the engine from blowing out taring a decal. 

c. Lowered position loop gain of LP Tucbii.s clearance by a j.uci.oe 
of 2. 


k. Ji&Oa <&MSii£& >*«8iu.V^ i ■ 
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£ N 

GILS 

E R I W a PANE 

L A D J 

usm 

E 14 T S 1 

• :J 

NAME 

SCALE 

UNITS 

DESCRIPTION 

BASE 

ft IN 

MAX 


01 

.83 

IN 

MAN NFJ4 D.'ID 

.06350 ■ 

-.06350 

*.263(39 

1 

02 

1 .0 

S.U. 

MAN MZSO DMO 

.5 

—.45 

*.45 | 

r » 
F ? 

03 

1.0 

s.u. 

MAN CCC fWD 

.5 

“.45 

*.45 

i ^ 

04 

1.0 

S.U. 

MAN HPTC DKD 

.5 

-.45 

♦ .45 1 

; 

05 

1.0 

s.u. 

MAN LT*TC DMD 

.5 

-.45 

* <45 # ! 


06 

2.0 

s.u. 

T25 FAILURE 

1.0 

-.5 

*.5 

; ‘ 

07 

1.0 


BC APP SON MULT 

.! .0 

-J.0 

*1.0 


08 

60 

DEO 

m DAS SCH BIAS 

0 

-(5 

*45 

09 

2.0 

su 

XNH FIALURE 

1 .0 

-.5 

*»5 ! .-. 

aio 

150 

% 

N4K SCH BIAS 

0 

-10.3 

* 10. 3 

Oil 

- 4375'- - 

UPS 

Hi! BAS LIMIT ' 

3SC0 

-62 s 

*875 

0)2 

J64 20 

MPH 

M2 MAS LIMIT 

13260 

-2160 

*2040 

0S3 

1 6.1 20 

Rrs 

GROUND IDLE 

8243 

-1250 

*1250 • ‘ 

01 A 

16120 

ops . ■ 

FLIGHT IDLE 

9221 ' ' 

-7 250 

♦J250 

015 

286-'' 

DEO. ft 

T42 SCH 01 AS 

0 

-720 

*720 

6)6 

500 

P3EA 

PS3 LAS LIMIT 

425 

-75 

*75 

□ 17 

"'500 

PSIA 

' PS 3 ADDER 

0 

-25 


018 

1.0 


PS3 MULT 

1.0 

S 

*.J 

0(9 

3500 

DEO. R 

14 1C MAX LIMIT 

2122 

—I coo 

*370 ■ 

020 ' 

’ 1.2 ' 

— ~ 

14 1C WFQP3 MULT 

t .0 

-.2 

* .2 

021 

1 U 


T41C T3 MULT 

7 .0 

-.2 

*.2 

G22 

3500 

DEG. R 

14 ;c adder 

0 

—TOO 

♦ 7C3 

023 

.83 

IN 

MIN HF[4 LIMIT 

.06350 

-.06350 

*.10841 

024 

ICO . 

MA 

XBC m BIAS 

0 

-10 

*.so 

025 

uo 

SU 

LDYC ma &SF UK 

.05 

-.02 

<•*. i 

43 ' 

G26 

n.o 

r’/sRc. 

ACCEL RATe LIMIT 

.02293 

- .01354 

*.01633 

027 

• 1,0 

I; I/S EC 

DECEL RATS UMIT 

.3216.7 

-.CJ2«0 

*.01529 K. 

02© 

I96L 

DEO. H 

T3 ADQSk 

0 

-250 

♦250 L ■; 

G29 

‘23 

PSIA 

ALT PRESS 

.4** .<$?•& 

-14.6.96 

*0 .304 J 


030 

1.0 


MACH NO 

0 

— <1 

*1.0 


033 

50 

USUIS . 

ACC SCH BIAS 

0 

-5 

<■& ; 

032 

“1oO 


ACC SCH MULT 

.1 .0 

-.2 

*.2 

033 

50 

UNITS 

DEC SCH BIAS 

0 

-5 

*5 

03 4 

-.0 

«-.™. 

DEC SCH MULT 

J„C 

-.2 

*,2 

Q35 

78500 

PPM 

HZ HYSX. .BAND 

500 

-500 

*50C : 

03d 

327.63 

EEC 

M2 PILL TIME BIAS 

50.0 

-50.0 

*50.0 : 

037 

.1.0 

S.U. 

M2.S0 RLL AREA 

.30715 . 

-.25715 

*.64£85 s 

038 

■ liO • 

•S.,U. 

RZSO MAX AREA 

.95 

-.9 

*0 

039 

2.0 

s.u. 

T 3 Ff 'LURS 

.1 ,0 

— .5 

* .5 

040 

10.0 

s.u. 

NO. OP FICA SUB. 

5.0 

-5.0 

*5,0 


041 

- 2.0 

S.U. 

PS3 FAILURE 

1 .0 

-.5 

*.5 


042 

2.0 

s.u. 

T42 FAIj.ORg 

1 .0 


*,5 


043 

i 

s.u. 

mv FRU arm nss 

.02 

-.Of 

*.0S 


Q44 

20.0 

s.u. 

DXKV/OT CNTM RSS 

5 

0 

*10,0 •;< 

045 

I 

s.u. 

XMV ERR JUMP LIM 

.06 

— .03 

*.20 

y v“ 

046 

5000 

NPli/SEC 

M2 Of>. DEC RATE 

-50<V 

0 

*5000 i ■■; 

047 

7 00 . 

KA 

my ~Vi FT AS 

0 

-to 

* 1 o , v - 

Q43 

3.0 


XMW ^(KJp GASH 

7.0 

-.66667 

*2.0 j 

049 

2 

— 

K3 MULT ON IfF 3 A 

0 

-.2 

*.2 

Q50 

- 2 ■ ' 

. — » 

X2 MULT ON UF36 

0 

-.2 

*.2 

QSI 

2 

— 

X.l MULT ON 1SF33 

1 .0 

-.2 

*.2 


G52 

2 


ADDER ON KF36 

0 

-.2 

*.2 

; ; J» 

Q53 

1960 

DEO. ft 

CCC TSCH BIAS 

0 

-700 

*7 CO 

054 

7 960 

DGG. R 

TE27C ADDER 

0 

-700 

♦700 ; <■ 

055 

I960 

DEG. U 

HPTC YSCH BIAS 

0 

-703 

<••'00 ■ 

056 

- I960 

DEG. R 

LPTCTSCM BIAS 

0 

-700 

*, X) 

057 

10500 

tt« 

"3 INPUT BIAS 

0 

-7 000 

* t 000 

053 

3.0 


UC TR RES MULT 

1,0 

-1.0 

*f .0 

059 

2.0 

SU 

N M GAIN A0JU5T 

1 .0 

»o,° 

*1.0 ■■ 

060 

l.e 


BC WAIN RES HIT 

1 .0 

-1.0 

*1.0 

,Q64 

7.0 

— 

BC SPD k*S MULT 

1.0 

-1.0 

*t,o • 

062 

60 

EG 

BC RAX LIAIT 

44,73.96 

-15 

♦ s5 

06- 

00 

DEG 

liC MIL LIMIT • 

2.3360 

-15 

♦ 15 

064 

7 

— 

CLEAN CUNT MAN ME 

0 

-.5 

* ,5 

Q55 

— r 

■ ■«». 

PZWV RESET MODE 

0 

-.5 

*.5 

066 

5000.0 

RPfi/SEC 

PZHV DECEL NATE 

1000 

“1000 

* 1 000 

067 

2.0 

S.U. 

XML FAILURE 

.1 .0 

-.5 


068 

' 100 • 

PCT 

XMFN SUEST. TOL. 

IS 

-90 

♦ too 

069 

ICO 

pen' 

'SKILL SUBST. TOL. 

IQ 

~90 

+4 GC 

070 

100 

per 

SXtrt! 305ST. TOL. 

7 0 

“90 

*100 

071 

700 - 

pi ' 

' ST2 P UUUST. TOL. 

to 

«^»0 

* 1 00 ! <■ 

072 

.1 00 

PCT 

ST 3 SpHST. TOL. 

Su 

-to 

*103 , ■ .'■•■ 

073 

7 00 

PCT 

• ST42 SUBCT. TOL. 

so 

-90 

* i GO ; , : 

074 

.100 

KTt 

SPS3 GUEST. TOL. 

10 

—90 

♦:• 1-0 

075 

2.0 

— — 

UF TP BIAS INTFO. 

.1.0 

“4.0 

♦ .0 

, ^ 

076 

2.0 

— — 

BC Td BIAS INTEG, 

1 .0 

-4.0 

*'.o ;■'■<„ 

077 

•i.o ~ 

- SU ■ 

UC ERROR CNTR PCS 

.02 

-.04 

* GO 

078 

'’0.0 

su 

DC/UT CNTM K£S 

5 

0 

*.0. • 

079 

. 2.0 

su 

ML GAIN ADJUST 

1.0 

-0,9 

♦ 1,0 : 

080 

327 .63 

SEC 

PZ TIMER RESET 

2.0 

-2.0 

*0.0 1 


*<!**• s»-6***-it* ****** rt-***ii*5i-* **-:l*i(H* i* *** 

Table 3. Baseline; Monitor Data 
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tfnfr ifc* tWr* && *•&■& *; & *# tSrtir *■# * M irk ** ***** & n'rsV-ir tMhfc iiHr **„•* * 

ENGINEER! H G PANEL S UTCHE S 


itch no 

FUNCTION 

ON 

OFF 

\ 

NFM MODE 

MANUAL 

AUTO 

2 

M2SO MODE 

MANUAL 

AUTO 

3 

COMP CLEAR MODE 

MANUAL 

AUTO 

4 

HP TURB CLEAR MODE 

MANUAL 

AUTO 

5 

LP TUR8 CLEAR MODE 

MANUAL 

AUTO 

6 

DISABLE BC&HF 

DISABLED 

NORMAL 

7 

BC CONI MODE 

APPROACH 

NORMAL 

8 

BC BIAS 

RESETS 

BIAS OUT 

9 

SENSOR FAILURE BIAS 

BIAS 

NO BIAS 

\ 0 

DISABLE OTOLIM 

DISABLE 

DO NOT DISABLE 

I 1 

MAN PZR VALVE 

CLOSED • 

OPEN 

12 

EOP FAIL UPDATE 

NO UPDATE 

UPDATE 

1 3 

BACKUP PS3 

USE 

DO NOT USE 

14 

IDLE MODE 

FLI IDLE 

GND IDLE 

lb 

FICA .! 

ON 

OFF 

16 

FICA 2 

ON 

OFF 


Table 4» Simulate i Start- Manual WF Mods 


, ; i 


"1 

i'-'-ii 


Iri 


(?:i 
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ICLS 2 is th® software used for ICLS engine tost. 


6 • 9 BI5CU.ggI.0 g OF TEST PARAGRAPHS 

This test was conducted according tc a formal. Control System Teat & 
Instrumentation Plan. (Eeferense 2). Fone&fc of the discussion will use the 
paragraph numbering system of this test plan. 

m • & • Egg-Stert ? a«allne 


A full set of digital control monitoring data readings was taken to 
provide a pro-start baseline for the control systems test (Reference 
Figure 38, Baseline Monitor Bata). 

I II . B . Checkout - Manual WF Mode 

A simulated start was mad®, twenty second speed ramp to 30 percent 
speed, to demonstrate manual starting capabilities. The control comes into 
regulation at approximately 10% speed. This test shows that the control is 
wall within regulation prior to opening the stopcock (15% or higher). 

The manual 1 uel adjustment was tested and functioned properly. 

The manual full flow mode will be used for the first start and for 
starting investigation studies. 

I I I . D . Siraj lated Primary Mode Stwrt/Konaal Sh u tdown 

A simulated 30 second start was accomplished and the control came into 
regulation at 10% speed and the stopcock was opened at 25% speed. 


A second simulated start was the same except that the stopcock was 
opened at 30% speed and after Idle speed has been achieved a stopcock and 
deceleration is simulated (normal shutdown) . 

The control properly scheduled fuel flow in the start region was well 
within regulation prior to opening the stopcock. 


ORIGINAL PA vis;, S3 
OF POOR QUALITY 


PA@2 1 EES RQNITGR 9&TA ' 


-1-PL& ._ 


...... 

-acai — 

:PCSMt~~ 1A.-9 TS ... 

... - Ml fcSP36A 

123 

'» e*2 

99. 4 

SML 

toao 

PCm.SE 27. $ 

T4t 

34^ KFACIC 

373 

r T39 

93. 9 

RKWH 

8470 

SEfcK 0 

T*2 

401 PHI ACC 

IV. 3 

' J*IO 14. 77 

- J9KNL... 

-46fi9 

-AMOSS-MIN .. 

-PSS 

--4.4.3 -PNIENS • 

0. 7 . 

- 

74. 4 

«TCPg» 

999 

TCCPP 76 

RT43 

3800 NPSEC 

im 

Ol&£ 

8243 

RTO^T 

?ai 

TCNPT 253 

RT41 



■ .TE27 

.. m 

ETLPT 

im _ 

TCLPT-- . 71 . 

JRPfHJ 

4RS. © 


moss 

£W 

EHfW 

OtSSM 

EXNL ET23 

rra ET42 e»so 


;* m® 

3 3.4 

.0 

.0 .0 


O 

o 

© 


GS&&8LEO 9EM WUL . ... .. . 

-S~ GOO _ 

-L-OOO --LOOO 

. i. soi i. cm i.ooo 


' MOSS 


actual 


RA£3UAL TO 

CU5U5EMT STKG&E SELIK® 


HAM 

Fia 

123 

sw« 

2994 PPM 

29.0 

HA . 016 . 347 

IN 

.HAM ... 

MAIN - 

-- xm . . 

■ -^414 - 

• ..Xl& S^IM . .. 

.39. 

HA - . . TOO 

IN 

‘ HAM 

co?sr j 

3. &43 

2. ©30 

1. 020 S&SM 

30. Q 

sm i. . eo& 

IH 


KPTFtB 

90. 00 

S3, a© 

23. £4 SSO 

30. Q 

fSA 1. 49® . 294 

m 

'.HAW 

LPTRS 

89. 96 . 

14. 32 .. 

- 12. 6© BE© . 

SO. 0 

KA -1.462 . 11& 

in 

mots?! 

SETA 

23. 90 

44. 72 

BEO 

79. O 

MA 1.620 3. 302 

IN 

AUTO 

PILOT 


OPEN 

OPEN 

93. O 

?-l& OPEN 



OTOLXH ©ISABUO) K8C EfeTW P5CFS HKW® 


STS FAULT . 

notes ~ — — *— — — — 

E3 PAB-HC XCLS CO&TOOL .SYSTEM .TEST _ ....IPS EHAS& 

' PRE-START SASSLIKE 


Figure 38. Baseline Monitor Data (Sheet L of 7) 
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'itaHW-iL. 


2 SEE CORKANSi ESA7A 


?us 

4^, 4| * . 

»! . 


-- - pazm 

- -16.45- -73 . 

--.. ©a 


2 

S9 . 4 

$£?&. 

1089 

PCNLA 

S7 

.8 T41 

24© 

UP6CC 273 

YS3 

S». 9 


®47© 

mim 


0 T43 

401 

PKIACC 19. 5 

•PTC 

14. T7 

KKi'4, 

4^3 . 

:■ JtMmjfc I3M- 

-P5£S . 

14. 3 

PHXKNO 0. 7 

©Cl 

ham &s=h mm 

asr/&» 

3994 

PPM 

©17 

P©3 AOSSK 

X68S4 

. QO PS I A 

G02 

mw m-d® mm 

33T7Mit 

. 116 

mm 

ai9 

ps 3 mult 

16394 

1. coo 

®03 

fwj see &rm 

47&S4 

i. 030 

©sifts - 

©19 

741 e m* lot 

16334 

2662 BEG'F 

oo* 

KAN HPTC m*> 

3S4S 

S3. 26 

K£9 

020 

T41 P&f 

&63IB4 

1. COO 

mo 

lptc nm> 

ieoo. 

12. 00 

BE© 

©31 

T41C T3 MULT 

1720® 

1. 010 

Q&& 

723 FAILURE 

36403 

4~iK5© 

... . 


T41C ASSS21 

13920 

-105.3 &EGF 

e©r 

SC AFP PSULT 

0 

.oo© 


©23 

mw *4F LOT 

86294 

.064 XN 

©03 

SC SCM 01 AS 

16424 

. 03 

BS9 

©34 

KBC TM BIAS’ 

16898 

. 00 HA 


M FAILURE 

!&2S;4. 

. i. @oo 


025 

OTN FtJtLPYC 

20224 

. 120 'SU 

(£10 

NIK E-Chi BIAS 

I6SS4 

. 0 

nm 

@26 

ACC J/R LOT 

1 6472 

. 023 rw/SEC 


wi mx lot 

163S4 

3300 

KPW 

<227 

B£C *J/R LOT 

£6400 

. 021 1 M/SEC 

mz 

N2 HAS LOT 

16392 

13261 

KPN 

©23 

T3 ABSSi 

16384 

. 0 DE8F 

©13 

ORGUNO IDLE 

16334 

E243 

KPN 

©29 

ALT PFittSS 

1&304 

14. 70 PSIA 

©14 
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111 * E * Simulated Backup Mode Start /Normal shutdo wn 


i 


A simulated start and shutdown were made in the backup mode. The 
control cam© into regulation at approximately 10% speed and the stopcock was 
opened at 30% speed. The cotitrol was etopeocked prior to decelerating, PS3 
and speed were r sloped the sam© as in XII. D. above. 


If it becomes necessary to start the engine in the backup mode, 
provisions must be made to properly position the main zone chutoff and pilot 
sen© reset in the start region and to provide transition capability. 

Ill . F . Main Zone Shutoff-Manual Mode 

The main zone shutoff was evaluated with a 200 lohm orifice in the 
pilot zona bypass leg. Two flow conditions each with the pilot zone valve 
opened and closed were run to show the percent of flow thru the main leg. 
Figure 39 shows approximately 50% flow through the main leg when the pilot 
zofu© is open and between 62% and 70% when the pilot zone is closed. 


Figure 40 is a plot of fuel pump discharge pressure versus total 
metered flow for two conditions: one with the main zone valve open and the 

pilot zone valve closed, the other the main zone valve closed and the pilot 
zone valve open. These data were run to confirm thwt system would not go on 
pump relief in the event alternate strategy is used to prevent blowouts on 
decels. lot©,: Plan is to decelerate the engine with both the pilot zona and 

main zone valve open, if a blowout occurs the pilot zone will be closed during 
the deed, then reopen when decel is complete. If a blowout occurs for this 
condition the main zone will be closed during the decel it will then reopen 
and re-light when the decel is over. 


III.G. Ma in Zo ne Shutoff-Auto Mode 


Figure 41 is a slow aece’ showing the action, of the main zone, and 
pilot zone valves in the automatic mode. To successfully transition from 
single to double annular burning it is necessary to: 
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Cell 44 Data Log 3B 
A 200 LOHM Orifice 

Pilot Zone Reset Open 
Total Flow 2000 PPH 

§ Cell 44 Data Log 3B 
200 LOHM Orifice 
Pilot Zone Reset Closec 

□ Cell 44 Data Log 2B 
200 LOHM Orifice 
Pilot Zone Reset Open 
Total Flow 1000 PPH • 

o 

Cell 44 Data Log 2B I 
200 LOHM Orifice j 

Pilot Zone Reset Closed! 


Main Zone Shutoff Valve F/B Signal (in) 


Figure o9. j-'uel Flow Split Characteristics. 
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Figure 41. Single to Double Annular Auto Transition, 
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ME POOn QUALITY 


a. Fill the main zone nozzles - this was set at ten seconds for 
this demonstration but can be from 1.7S to 100 seconds, note 
that the fill position (i.e., amount of flow in the main zone 
during filling) is adjustable and will be set so the engine does 
not decsler&te during filling. 

b. Close the pilot son© to enrich the main zone to allow the main 
burner to light. Hot© that the pilot son© valve is signalled 
closed 1 . 75 second® before tho main zone goes fully open. This 
is a slow (.25 gps servovalve) system and takes that long to 
close. 

c. Open the main zone when the pilot zone is going fully closed. 

d. Reopen the pilot zone valve after transition to double annular. 

Adjustments will be mad© to the control system to optimise automatic 
transition during engine test. 

The optional feature of closing the main zone during deeds to prevent 
blowout and the transition back to double annular combustion was tested and 
performed satisfactorily. 

The optional feature of closing the pilot zone during decels to 
prevent blowout during the deed was also verified. 

Hote: these two optional features will be used only if blowouts are 

actually encountered during engine testing. They are adjustable from the 
operator/engineet lug panel . 

XXX .11. P rimary Mode Acceleration Schedule /HP Calibrat io n 

Figure 42 shows test data plotted on the design schedule of aceel phi 
(W/ps3) vs. corrected core speed obtained by varying speed and compressor 
discharge pressure. Those data show that the digital control schedules 
accelerate fuel flow accurately. The backup control acceleration schedule 
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wa8 low in the start region but thin won not a concern because all stares were 
to be made using the digital control. The schedule css, in the backup centre 
was made before core engine testing showed engine fuel flow requirements m 
the start region to be higher than originally predicted. A cam change wan not 

cons id&red fco bo jusfcif led. 


Figure 43 is a plot of measured fuel flow vs. calibrated fuel flow. 
These data indicate that the fuel flow calculated by the digital control fre.a 
fuel metering valve position is quite accurate. This vme accomplished by 
utilizing the operator/engineaclng panel adjustments which modify the 

coefficients of the digital controls fuel flow calculation polynomial . 


III. I. 

Figure 44 is a plot of the core speed governor cut-in as a function of 
power lever angle plotted on the E 3 control system specification schedule 
whUe operating on the primary control. The data indicates that the core 
speed schedule is the same as the core engine PLA schedule and not the desired 
ICLS PLA schedule. This will require a slight adjustment to the fan speeo 
schedule to ensure controlling on fan speed at high power. This should cause 
no operational prcblesns. 

Figure 45 is a plot of the fan speed governor cut-in as a function or 
power lever angle plotted on the 8* control system specification schedule 
while operating on the primary control. The data indicataes that the digita 
control governs fan speed in accordance with the desired schedule. 

Figure 46 is a plot of the core speed governor cut-in as a function of 
power lever angle plotted on the E 3 control system specification schedule 
while operating on the backup control. Speed governing by the backup contro 
Is within acceptable limits. It should be noted that the digital control PLA 
and backup control PLA correspond at 0“ and increase at a ratio of 1.6993 
digital degrees per backup degree. Comparison of the data on Figures 44 and 
46 on this basis shows the backup schedule slightly below the primary 
schedule, as desired, so that fuel flow will decrease rather than increase in 
the event of a switchover from the primary to backup mode. 
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Figure 46. Hydromechanical Core Speed Schedule 






XII, J. nor® Stator Sched ule 


FiKur® 47 is a plot of the core stator schedule in the primary and 
lockup mode Plotted or. the specification line in tamo of feedback stroke, 
tto system was rigged on the open stop and the LVPT was «*»** to obtain 
correct digital reading on the stop, the same procedure *U1 t» “»® a for 
rigging fchft tSfcfi.tl.OK 1 ® OBI fct'lQ ©hgl.n© • 


Ifi^ur® 4$ is a plot o 
plotted on the specif Icct xon 


f the cor© stator schedule in the primary mod© 
lino in teems of LVPT position. 


XIX. K. Primary Hod© fi.cceleretion_Tran sie.nts. 

A aeries of eccel/decel transients were run In accordance with this 
pert of the test request. The min conclusion from this transient testing 1® 
that acceleration fuel flow is scheduled satisfactorily in the primary mode 
and that transitions to E2 governing or the M2 limit are smooth. 


X 1 X . L . Primary Hod© 5QCol©ra.tion ^. ^ng .i © n^g 


A series of dacel transients were run in accordance with this part of 
the test request. The main conclusion from this transient testing is that 
acceleration fuel flow is scheduled satisfactorily and that transitions to K 

governing at idle at 1 ® satisfactory. 


XII . H . Backup Hod© Acceleration Tr ansients 

A 30 second accel in the backup mode indicates proper governor cut-in 
at the 100* pis set point. The conclusion is that acceleration transients 

could be stade in the backup mode. 

It should b© noted here that the main son© shutoff value is open 
because the control its In fch© backup mode. 


HI. Bac kup Hod© i ta coleratlo nTransientg. 


A 30 second decel in the backup mode shows that decel transients 
fo© vsade in ih© backup mod© . 


ear* 
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1X1,0. 


Ovarspeed Selection of Backup Mode 


Test results show the control automatically switches to the backup 
mode at 109.9 percent speed. The control speed was then decreased until the 
control went on th® accel schedule . This occurred at 96.2 percent. The 
control was then switched back to primary control. 

XII.)?. Governor Frequency Respon se P rimary Hod© 

Figure 49 is a plot of gain and phase shift as a function of frequency 
for the primary Mode M2 spaed control. Two conditions were tested, a low 
power (idle speed, 4536 Kg/hr (1000 pph) fuel flow) arid a high power (Takeoff 
fcpaed, 3120 Kg/hr (6900 pph) fuel flow). The nominal line, as defined, is 
plotted on the curves for comparison purposes. The plots indicate both phase 
and gain are slightly below this nominal line. The net result should be a 
stable, somewhat more sluggish, but adequate M2 speed control. 

Figure 50 is a plot of gain and phase shift as a function of frequency 
for the primary Mode Ml speed control. One condition was tested, a high power 
(Takeoff speed, 3894 Kg/hr (6380 pph) fuel flow). The nominal line, as 
defined, is plotted on the curves for comparison purposes. The plots indicate 
both phase and gain are slightly below this nominal line. The net result 
should be a stable, somewhat more sluggish, but adequate Ml speed control. 

XIX. Q. PS3 and T41C Limits 


Testing shows the fuel flow cutback when PS3 is increased beyond the 
2930.4 KPa (425 psia) limit. 


k similar test was performed to illustrate the cutback on the 
calculated T41C limit (Mote - 741C is calculated from T3 and WF/PS3). The 
T41C increase was simulated by increasing T3. T41C cutback occurs at I322°C 
(2412 e> F) when the limit is set rat 316 *’0 C2400*F). 


I I I . R . Compressor C learance Contr ol Checkout 


Figure 51 is 


plofc of the compressor clearance control feedback 


no 



Magnitude Ratio PPH/RPM 













Measured reeaDack Signal cm (in) 




signal calibration in terms of physical measurement of actuation stroke vs 
digital control stroke demand. 



A transient • increase and decrees© of the case temperature input was 
„ made verifying that the controlling action of the compressor clearance control 
was correct in the automatic mode. Increasing measured ease temperature opens 
the valve and decreasing measured ease temperature closes the valve. 


A rapid d&cel was made while operating in the automatic mods, rhe 
valve starts to open as speed is decreased, then rapidly closes wnen core 
speed deed rate exceeds 150 RFM/sec. The system was then reaccelerated and 

the valve reopened. 


A rapid decel was made, then the system was allowed to remain at the 
lower level and the casing temperature was reduced as it would have been on 
the engine after a decal. When the temperature went below the scheduled level 
for the lower speed, the valve properly reopened. 


I I I . S . Turbine Clearance Control Checkout 

Figure 52 is a plot of the IIP Turbine clearance control, feedback 
signal calibration in terms of the physical measurement of actuator stroke vs. 
digital control stroke demand. 

A transient increase and decrease of the HP Turbine case temperature 
input was mad© to verify the controlling action of the HP Turbine clearance 
control in the automatic mods. Increasing temperature opens the valve and 
decreasing temperature closes the valve as it should. 

Figure 53 is a plot of the LP Turbine clearance control feedback signal 
calibration in terms of the physical measurement of actuator stroke vs. 
digital control stroke demand. 

A transient Increase and decrease of the LP turbine case temperature 
input was made to verify the controlling action of the LP Turbina clearance 
control in the automatic mode. Increasing temperature opens the valve and 
decreasing temperature closes the valve as it should. 
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Measured Feedback Signal cm (in) 


N2 & N2 r * 89% 

PS3 - 1034 IcPa 150 PSIA 



Demand Signal cm (in) 


Figure 53. LP Turb Valve Feedback Calibration. 
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IIX.T. Position Loop Step Input Response 


Ths metering valve response to a step input to the metering valve* 
position demonfi signal was measured.' Average measured gain from digital 
torque motor current to measured feedback position is 0.1524 cm/sec/ma 
(.050 in/ s ©e %-a > . 

The main gone valve response to a step input to the main gone demand 
signal was measured. Average measured gain from digital torque motor current 
to measured feedback position is 0.0787 cra/see/ma (0.031 in/sec/raa). 

The LP turbine clearance valve response to a step input to th© LP 
turbine clearance demand signal was measured. Average measured gain from 
digital torque motor current to measured feedback position is 0.1397 cra/sec/ma 
(.055 in/s©c/ma). 

The compressor clearance valve response to a step input to the 
compressor clearance demand signal was measured. Average measured gain from 
digital torque motor current to measured feedback position is 0,1397 cm/ sec Ana 
(.055 in/sec/ma) . 

The HP turbine clearance valve response to a step input to the HP 
Turbine clearance demand signal was measured. Average measured gain from 
digital torque motor current to measured feedback position is 0.1499 cm/sec/ma 
( . 059 in/sec/ma) . 

The core stator valve response to a step input to the core stator 
demand signal was measured. Average measured gain from digital torque motor 
current to measured feedback position is 0.1676 cm/sec/ma (.066 in/sec/ma) . 

XXI. U. Failure Effects 


2. a. Disconnection of the alternator caused the control to trip tc 

backup . 


The FABEC power is disrupted by disconnecting the alternator and power 
must transfer to the 28 volt DC power supply. This is thought to cause the 

1 



regulated 5 volt power supply to the FAD EC to be momentarily interrupted, 
causing the trip to backup. 

Any of ih© following will cause the control to trip to backup (if 
0T0L1M enabled ) t 

1. PL& out- of- limits 

2 * Stir! out- of— 1 irai t s 

3. MV out-of- -limits 

4 . XBG out-of -limits 

5. M F/B Fail 

6. SBC F/B Fail 

7. Self test word fail 

2. b. Disconnection of the metering valve feedback sensor causes the 
control to trip to backup because of the metering valve F/B failure effect, 
1.6. , it senses that the metering valve is not moving when it should be. 

2,c. The 28 volt DC power supply was disconnected to 90% speed with no 
effect on operation. 

2.d. Disconnection of the data link to the digital control caused no 
change in systems operations, but no new data can be transmitted. Power lever 
angle is frozen at fch© value existing at the time of failure. A manual switch 
to backup will be required to decelerate the engine. Disconnection of the 
engineering operator panel caused no change in systems operation, hut no new 
commands can be input from the panel. Engineering panel adjustments go to a 
pre-determined level or to levels which arc reset every two minutes. 

2.6. Disconnection of the fuel servovalve caused the system to trip to 
backup. If the F/B failure protection is deactivated, the system drifts to 
minimum flow when the fuel servovalve is disconnected. 

2.f . Disconnection of the main zone feedback sensor causes t ho 
equivalent digital number to freeze but the number is unpredictable . 


Results will be one of the following: 
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1. If the feedback signal as sensed by the control fails 
out-of- limits the valve will open. 

2. If th© feedback signal is calling for full open or full closed, 

the main gone valve will go to the demanded position. 

3. If the feedback signal fails within limits and the dessrnd signal 
is at an intermediate position, the error signal between demand 
and sensed feedback will determine direction and rat© of closing 
or opening . Thus, for this case the valve may fail open or closed 
and is not predictable. 

2.g. Disconnection of th© main zona shutoff servovalve caused the 
valve to drift in the opening direction. 

2.h. Disconnection of the compressor clearance servovalve and feedback 
sensor will do two things: 

1. The feedback signal as sensed by the control will go to an 
indeterminate position and remain there until the sensor is 
reconnected. 

2. Torque motor current to the servovalve will go to zero causing the 
actuator to drift in its fail safe direction (retracted) . Drift 
rate is determined by null bias on the torque motor. 

Reconnecting the servo and feedback sensors will result in & 
recovery transient starting from the retracted position. The 
recovery transient will bo affected by such factors as: 

a. Supply and return line lengths and restrictions. 

b. Actual characteristics of the particular T/H and servo valve 
involved. 


c. Actual pin reconnection sequence when connector is reconnected. 



/ 


2.i. Disconnection of the HP turbine clearance servovalve end feedback 
sensor will have the same failure effect as the compressor clearance system 
described in 2.h. above. 

2, j „ Disconnection of the LP turbine clearance servovalve and feedback 
sensor will have the same failure effect as the compressor clearance system 
described in 2»h. above 

2.fc. Th© 23 volt DC power supply was disconnected at high speed <9 Sa»> 
and speed was gradually reduced. The control continued to function until 
speed was decreased to 47.7%, at which point alternator power was insufficient 

and the control went to the backup mode. 

2.1. Disconnection of the fan speed sensor causes the fan speed sensor 
to fail to an indeterminate valve. Ho failure action is taken. The normal 
control strategy will determine action for the failed value. 

2. hi. Disconnection of the core stator feedback causes the digital 
number , which indicates stator feedback position to freeze, but the number is 
unpredictable. Feedback failure logic similar to the metering valve feedback 
failure logic has been incorporated into the core stator control system, thus 
the system will trip to backup when the feedback sensor is disconnected and 
the failure criterion has been met. Two successive disconnections of the core 
stator feedback signal caused different results. In the f*r*t case, the 
sensed failed position caused a trip to backup. In the second case the 
feedback failed to the same level it was operating at prior to the failure. 
Until torque motor current calls for a change in stator position the system 
will stay in primary. As soon as a new stator position is demanded the system 
will trip to backup. This was not demonstrated as all subsequent failures 
tripped to backup immediately.' 
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2. n t Disconnection of the core stator servovalve caused the system to 
trip to backup with the failure protection described in 2.m. activated. With 

this failure protection deactivated the system drifted to the closed stator 
position. 

2.o Disconnection of th® pilot son® servovalve causes the pilot zone 
vaiv© to open if cloned or remain open if opened. 

m.v. pica 

The control strategy incorporated a feature to simulate software 
failures for each FICA substituted variable (fan speed, core speed, comp, 
inlet temperature , compressor discharge temperature, LP turbine inlet 
temperature and compressor discharge pressure). Each sensor is multiplied by 
an engineering operator panel potentiometer which la scaled from .5 to 1.5 

(nominal value is 1.0). A switch on the engineering operator panel is used to 
enable the multipliers. 


To induce a software failure the potentiometer, associated with the 
sen&or to be failed, is adjusted to a value beyond the FICA error tolerance 
ami the switch is then activated causing a step change in the sensors value as 
seen by the control strategy. The FICA will then substitute the estimated 

value for the sensed value, mis method was used to demonstrate ingle sensor 
failures. 

XIX. V. a. & b. Core Speed Se n sor Fa ilure 

A core speed software failure caused a substitution to estimated core 
speed (FICA core speed). Core speed prior to the failure was 12385 KPH and 
12377 RPM after the substitution. 
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A cor© speed hardware failure was accomplished by inputting a step 
change t© the slua&lafcd alternator signal and the estimated value from FXCA 
was substituted. The cor© stator and metering value feedback error signal was 
disabled for this test. 

A second core speed hardware failure which was the ease as the first 
hardware failure except that fch® core stator and metering valise feedback error 
sign.nl was enabled. The control trips to backup as a result of fch© momentary 
large ©rr©r in core stator control loop. 

Disconnection of the alternator will cause a trip to backup whether 

FICA is active or not. (Ref. Section III.u.2.a. ) . 

XXX. V.e. & d. Fan gpeed Sensor Failure 

A fan speed software failure caused a substitution to estimated fan 
speed (FICA fan spaed). Fan speed prior to the failure was 2945 RPM and 2942 
RPM after the substitution. 

Two fan speed hardware failures were made. The first was done by 
disconnecting the sensor (the fan speed signal failed within the FXCA error 
tolerance and no substitution occurred). The second was done by step changing 
the fan speed input frequency end the estimated value from FXCA was 
substituted, 

XIX. V.e. & f. Compressor Inlet Temperature Sensor Failure 

A compressor inlet temperature (T25) software failure caused a 
substitution to estimated compressor inlet temperature (FXCA T25). Compressor 
inlet temperature prior to the {failure was 47.7°C (117. 8®P) and 48.2*0 
(1X8. 7*F) after the substitution. 

The compressor inlet temperature hardware failure had the same result. 
Tills was accomplished by disconnecting the sensor and the estimated value from 
FXCA was substituted. 
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III.V.S. & h. Compr essor Pis ch ati&_Tet^ 

A compreasor discharge temperature <T3> software failure caused a 
substitution to estimated compressor discharge temperature (FICA T3) . 
coa^resaor discharge temperature prior to the failure was 496.1 C (92 j F) a«d 
499*. 4°C (931 & "F) after the substitution. 

XXI .7 . i . & j. t.p Tur bine Inlet. 

A LF turbine inlet temperature (T42) software failure caused, a 
substitution to estimated LP turbine inlet temperature (FX.CA W2>, LP turbine 
inlet temperature prior to the failure was 754. 4*C (1390 *F> and 752. 2«C 
(13S6*F) after th© substitution. 

•Eha LP turbine Inlet temperature hardware failure had the same result. 
This was accomplished by disconnecting the sensor and th® estimated value from 

FXCA was substituted. 

IXl.V.k. & 1. flnm arasfior Pischara ©JPt^gBi£g~^Q^S£^SLIJI^ 

A compressor discharge pressure CPS3) software failure caused a 
substitution to estimated compressor discharge pressure (MCA PS3). 

Compressor discharge pressure was 2182 fcP. (316.5 p»io> prior to failure and 
2213 kPa (321 psia) after the substitution. 

Two compressor discharge pressure hardware failures were mad©. Both 
failures were accomplished by activating a solenoid valve which dumps pressure 
in the compressor discharge pressure sensing line to ambient. The dirt 
failure was with tha FICA error tolerance at nominal. The FICA PS3 was 
substituted for this case. Tide failure is the same action that is taken by 
th© stall dump kit when it senses an engine stall. Th® second failure was 
with the FICA PS3 tolerance set at the m&scimym value. For this case I S3 is 
not substituted for, however, core speed was substituted for 250 milliseconds 
after PS3 was dumped. This appears to b© tha way to run FICA testing with P*>3 
tolerance set at. the maximum value unless a PS 3 substitution is to b© 
demonstrated . 
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It was recommended that we test the stall dump kit with FICA in the 
track mode and recorded on a strip chart recorder to determine what will 
happen when the stall dump trip is made. 


XXI. V.m. , V alve F ce dfc^ff k Sensor Fo.i I. ure 


A metering vslvo feedback hardware failure was mads. This was 
accomplished by disconnecting fch® motoring valve feedback sensor. Tlie system 
did substitute for motoring valve error, but the feedback failure logic does 
trip the system to backup. 


Ill.y. Fuel Boost Pressure Effect 

Th© effect on fu©I flow of changing the fuel inlet p ure is minimal. 


XIX. X Post Potting, Functional Test 


After th© control was returned to the assembly area for final potting* 
a functional test was conducted on the control. This brief test validatea the 
FADEC was functioning properly after final potting. 

Ill . Y . Pinal Monitor Data and Pot Settings 

A list of the final monitor data and pot listings was taken. These 
settings were the pre-test ICLS engine baseline settings. 
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7 . 0 CORK CONTROL SYSTEM PERFORMANCE 


The Full Authority Digital Electronic Control (FAPEC) system on the 
core test vehicle performed well* providing the flexibility necessary for 
thorough location of engine characteristics. Areas of particular note are 

as follows: 

7 • 1 S PEED GOVEHHItre 

The FADEC provided the accurate speed governing necessary for orderly 
exploration of variable stator effects, compressor bleed, and active clearance 
control. 

A mild governing instability (up to 30 rpm peak-to-peak at 0.2 to 1.0 
Hertz) was Initially present. However, a PROM change (new program memory for 
the digital electronic control) was made, allowing the metering valve position 
loop gain to be increased and the core speed governing gain to be decreased. 
These gains were then adjusted to minimize the effects of the instability and 

permit good data acquisition. 

This instability, fo.llowJ.ng the PROM change, is shown in Figure 54, 

Fuel flow, torque motor current, and speed derivative rignals are greatly 
expanded for evaluation purposes. The saw tooth wave form of torque motor 
current, together with the f lattened-of f fuel flow wave form indicate that the 
instability was caused by a combination of torque motor and servovalve dead 
bend (and/or hysteresis) coupled with the software compensation network. 

T.CL3 software provided the adjustable gains and an adjustable 
compensation network that was fine tuned during the control systems test which 
minimized this instability. 

7.2 FUEL LEAK 

Fuel was observed leaking from the fuel control during the wet motoring 
post-test inspection. The fuel control was removed from the engine and taken 
to a component test cell where the leak was confirmed. The control cover was 
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removed and an o-ring wan found to be defective. The defective o-ring was . 

replaced and the control wan returned to the engine. Bo further leakage was 

observed during engine fcosfc. 

1 » 3 CC H BUSTGR COITR Ojk 

Transition from single to double annular combustion Initially proved 
only partly successful because of leaky fuel nogsie check valves which «llo..a 
manifold l rtw and resulted In delayed Initiation of main tone fuel while 
the manifold refilled. It was necessary to utilise the manual fuel split 
control mode capability to allow complete main manifold filling and achieve 
successful transitions to double annular combustion. Figure 55 shows a 
succccssful transition. Kota the. Ions main zona manifold fill time prior 
closing the pilot tone valve and fully opening the main zone valve. 

ICLS control strategy was modified to automatically transition from 
single annular to double annular combustion by the addition of adjustable 
timing of pilot zoo® reset valve and main zone shutoff valve sequencing. 

7 . 4 ACTIVE CLEARANCE COTM Oh 

The compressor and HP turbine clearance control features were 
thoroughly explored during core testing, utilizing manual control loops. 

Casing thermocouples, intended for use for the automatic clearance contro. 
modes, proved to be Incompatible with the FADEC. The core test thermocouples 
being used were grounded, while the FADEC requires insulated thermocouples. 
These thermocouples wore insulated for ICLS testing. DUS data taken from, core 
engine thermocouples in the same location were used to design the cosing 
temperature scheduled for the ICLS control strategy. 


7 . 5 START Rft KGB TUKB I HS COOLIKG_JSS Tg& 

The B urt range turbine cooling valves which were supposed to be open 
during starting and closed at idle and above did not close us intended. Tho 
reason for this is unknown. Tho solenoid valve which ports either ambient or 
compressor discharge pressure to the start range turbine cooling valve. «aa 
exorcised during the controls systems tost and was functional. Both state 
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ranga turbine cooling valves were tested by the supplier and again in a 
component test eell and found to be functional. The engine piping was 
installed as intended and the solenoid would "click" when activated during a 
post-test investigation. 

Successful starting without the use of ?fch stage bleed deleted the 
requirement for the start range turbine cooling system and this system was 
removed from the engine early in the core test program. 

7.6 STARTING 

Provisions were made for variable 7fch stage compressor bleed (up to 20 
percent) and for simultaneous use of two large air turbine starters (Hamilton 
Standard PS600-3 starters). Testing revealed however that automatic starts 
can be made at simulated sea level static conditions using only one starter 
and without bleed. Light-off speed was progressively reduced from 35% to 20% 
opeed and the starting fuel schedule was progressively increased to the point 
that, with fixed 5th stage compressor stator and no starting bleed, a measured 
start time of 46.5 sec. was achieved. 

KOTE: Actual time from fuel initiation to governor cutback was 29 

seconds. Starter air pressure was raised slowly re suiting in a longer than 
necessary eccel to the fuel initiation point. On an aircraft, starter 
pressure is brought up quickly so that © more realistic start time would be 
less than 40 seconds. 

Figure 56 is a plot of start times showing the effects of fuel schedule 
increases and of changes in the speed at which fuel is introduced into the 
combustor. 

Figure 57 and 58 are transient plots of starts 27 and 29 which show the 
relationship between core speed, corrected fuel flow and corrected compressor 
discharge pressure. Figure 59 i 5 the Sanborn recording for start 27, Core 
speed must exceed 831 EPM (minimum FilDEC detectable speed) before the speed 
derivative signal will respond. A lag in the core speed instrumentation 
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Figure 59. Start Ko» 27 














causes channel 1 (sensed speed) to continue to increase after fuel flew 
cutback. Figure 57 shows the correct representation of speed during auto 
start 27. 

B!o ev|dence of compressor stall or turbine ovartemperatura was 
encountered during any core engine start. 

Start times would have been less if actual starter output performance 
had been as expected and if starter pressure had been brought up more 
rapidly. It is estimated that, for reasons not known at this tiros, the 
performance of the starter was approximately £8.5% low in starter torque. 

The conclusion that the starter has reduced output performance is based 
on the following analysis: 

1. Core engine rotor unbalanced torque characteristics were calculated 
from unfired engine coastdown data as shown in Figure 60. The 
engine was motored with a Hamilton Standard PS600-3 starter (built 
for the EB2I1) to a stabilised maximum motoring speed point and the 
starter inlet conditions measured in order to calculate starter 
output torque using the pre-test predicted starter performance 
curves shown in Figure 6X. The calculated starter output torque 
point was much higher than the core engine unbalanced torque 
calculated from engine co&stdown data, indicating i mt the actual 
starter output torque was approximately 28.5% lower than predicted 
from the estimated performance curves. 

2. Additional analyses of engine and starter torque were made at the 
starter cut-out region for start 27. Starting daUi were sampled 10 
times per second and an accurate calculation of net engine rotor 
torque was made based on measured acceleration rate and rotor 
characteristics. Corresponding calculations were made of starter 
torque based on starter inlet data and pre-test predictions of 
starter performance. The difference between these two torque 
levels is the unbalanced torque between the turbine and compressor 
and it was plotted as shown on Figure 62. There should be no 
discontinuity in this unbalanced torque when the starter is cut off 


iulat.ed Starter Torque at Stabilised Maximum 








Corrected Starter Output Torque, T/6 X Xbt/ft 










because there is no abrupt change in cycle variables affecting this 
torque but the plot shows a step increase. This suggests that 
actual starter torque was lower than predicted. Figure 63 is a 
similar plot with the starter derated 28,5 percent below pre-test 
predictions. The absence of an unbalanced torque discontinuity at 
the starter cut-off point supports the conclusion that starter 
torque was approximately 28.5 percent low. The actual cause of the 
low etarfcer. torque is being investigated. The starter was returned 
to Hamilton Standard for test. Additional starter discussion is 
contained in the ICLS vehicle tent results section. 

The starting fuel schedule for the ICLS was redesigned and incorporated 
into the ICLS control strategy. Redesign was necessary because the actual 
steady state operating line (fuel f low/compressor discharge pressure vs. 
speed) was substantially higher than the pretest predicted operating line in 
the start region. The steady state pre-test and actual operating line 
comparisons and the pre-test core accel fuel schedule comparisons are shown in 
Figure 64. 

For the same inlet conditions as during core engine testing, ICLS start 
times would be expected to be under 45 seconds. However, actual ICLS start 
times may be longer than this due to higher gearbox torques caused by 
increased oil vieosifcy at the lower ambient temperatures expected during ICLS 
testing. 

7 . 7 SUB-ID LE R1FLOR ATIOH 

The FAD SC manual fuel control mode provided precise, stable, steady 
state control of the engine in the sub-idle region* making it possible to 
gather valuable data relative to the start testing results reported above. 

7 . 8 BKKSOR ACCURACY 

Control system sensing accuracy was assessed by coatparing control 
system data on the following variables with corresponding data from the 
extensive performance instrumentation on the engine. 
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Starting Torque 



Starting Torques, ltan/ft 







Fuel Flow/Compressor Discharge Static 
Pressure (MEC) , Ibm/h/psia 



Fuel Flow/Compressor Discharge Static 
Pressure (MEC) , kg/h/kPa 



,1 


1. Compressor inlet temperature (T2S) 

2. Compressor discharge temperature (T3) 

3. HP turbine discharge temperature (T42) 

4 . Compressor discharge pressure (PS3) 

5. Total fuel flow CUF36) 

6. Calculated HP turbine inlet temperature (f41> 


The results of this comparison are given in Table 5. Inspection of 
this, table indicates that all FiLDEC sensors are very close to cell 
instrumentation except for M2 in the lo» epee* region. This is ceueea by the 
different, teaperetuce profile with single annular c<*buatl<m. The FADEC uses 

thermocouples In only three of the five radial locations sensed by the test 
instrumentation . 


FADES 


The FAD8C used for this core engine testing was control room mounted. 
The same electrical deign was implemented in a newly designed on-engine 
configuration for the ICLS engine. 
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TABLE 5 


FADEC SE&SOa ACCi jSAnv 


Tsbla 5 tabulates engine instrumentation 


PCIf25E 
Heading (RFM) 

T25 

(°R) K 

AT25 

C% Point) 
Diff 

**235 

61.15 

(529.7) 

294.3 

-.34 

**237 

68.51 

(531,8) 

295.4 

-.28 

**238 

76.54 

(532.0) 

295.5 

-.24 

242 

85.01 

(532.5) 

295. 3 

-.15 

248 

89.53 

(528,4) 

293.5 

+ .07 

251 

92.30 

(540.2) 

300.1 

+ .11 

254 

95.36 

(541.6) 

300.9 

+.11 

256 

97.28 

(541,4) 

300.8 

+ .37 

253 

93.12 

(542.7) 

301.5 

+. 64 


tba deviations of the PADEC data froa this instruamtation. 


T3 

(°E) K 


fiT3 

(% Point) X42 

Dlff <°g) 


K 


AT42 

(% Point) 

Riff 


(826.3) 459.1 -I.97 

(884.9) 491.6 - .87 

(969.3) 53S.5 -I.24 

(1QS0.4) 605.8 - .54 

(1157.6) 643.1 -1.07 

(1249.7) 694.3 -1.14 

(1337.3) 742.9 -1.15 

(1383.2) 768.4 —1 53 

(1408.7) 782.6 _l.*67 


(1396.2) 

775.7 

+9.07 

(1380.8) 

767.1 

+6.44 

(1381.7) 

767.6 

+4 . 26 

(1442,4) 

301.3 . 

+ .6 

(1515.7) 

S42.X 

-1.53 

(1709,4) 

949.7 

- .32 

(1S15.0) 

1063.9 

- .31 

(2009.7) 

1116.5 

- .91 

(2035.1) 

1130.6 

-1.09 


Heading 


PS3 

KPa 

(P3IA) 


&PS3 

(% Point) Kga 

Diff (PPH) 


A!sJF36 

(^ Point) t4x 

Diff (®E) 


AT41* 
(% Point) 
Diff 


235 

237 

238 

242 

243 
251 
254 
256 
253 


(43.54) 300.21 

(53.44) 368.47 

(73.58) 507.33 

(111.19) 766.66 

(155.22) 1070,24 
(190.67) 1314.67 
(241.43) 1664.66 


- .93 

- .69 

- .03 
+ .04 

- .06 

- .27 

- .63 


(1001.5) 454.3 

(1189.4) 539.5 

(1611.9) 731.2 

(2474.5) 1122,4 
(3665.3) 1662.6 

(5023.1) 2273.5 

(7137.5) 3237.6 

(3536.1) 3872,0 
(9075.0) 4116,4 


-2.04 
-2.29 
-2.39 
- .93 


- .12 

- 1.3 


- 2.47 


(1800.5) 1000.3 

(1819.6) 1010.9 
(1886.1) 1047.8 

(2035.1) 1141.7 
(2188.3) 1215,7 
(2458.5) 1365.8 

(2742.1) 1523. 4 
(2869.0) 2593.9 
<2920.8)1622.7 


-2.95 
-2.61 
-2.60 
+ .02 

— .64 
❖ .50 
+ .0? 
- 1.11 

— .84 


**ADZC T41 Calculation adjusted by 135 degrees 
**Single Annular Combustion 
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0 pQM IgOL SYSTEM PERFORMANCE 


Tho ICLS control system with Its new, engine-mounted! FADEC, performed 
very well throughout the engine test program. Accurate, predicted 
responsive control of all controlled variables was provided and flexibility 
ncorporeted in the system served won in accomodating unexpected differences 
prae3t preduti °" a *.i fl «. ^1^. nna 

“ ?r:"“ COnt£ '° l systra characteristics, there were no control system 

component failures. * 


8.1 


Highlights of the control system operation are given below. 


START Ifugi 


.. „ SiSht StaCts Were ^ storing to maximum motoring speed 

W * tinS ° t0rter 8lr Pr<? — at »• (55 psia) and hoidlng until 

::arLrr z T’,r n8 ths stopcock unui i6niu ° n 

“=ii i ::::!:: 1 n ~ unui wi * « — 


All subsequent starts (9 through 28) wore made with automatic 
scheduling of fuel flow. Automatic starts were made with progressive fuel 
enr chment, uitlmately using a schedule that was higher than the design 
schedule by approximately 70% at cranhing speed and by 30% near g ound idle 
There was no evidence of compressor stall during any engine start. 

notes e/w"* M ^ lW ° EUCCessive 8tarts «hleh demonstrate the 

L - LT 3 StSrt ’ Pl8Ura M iS ° Start ““h normal stopcock 

pL ure 8 d t M HHR ' aPPr0I!iraately 2500 ®“ at these inlet conditions, . 

xxmum enriched start. Stopcock opening was delayed here 
because of a faise indication of high engine vibrations but if it had bo n 
opened at 20% PC M . time for the start would have been <„ seconds 
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Core Speed 


Core Speed vs. Time 


Fuel Flow vs. Time 
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Figure 65. Typical Manual Start. 
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Figure 67. Maximum Enriched Fuel Schedule Start (Delayed Stopcock Opening) 
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Data from these starts was combined with engine motoring data and past 
test starter calibration data to define the general characteristics of the 
engine in the start range. Figure 68 is both a corrected and uncorrected plot 
of torque characteristics for the two enriched starts of ^Figures 66 and 67 . 
Figure 68 also shows calculated torque at the highest steady state speed 
attained While motoring the engine with the starter as well as the torque 
calculated from an engine coast down . The difference between the indicated 
coasfcdown torque and the other torque data is attributed mainly to the fact 
that the engine was warm during the coastdown with lower viscosity oil and 
different internal clearances. Figure 69 also illustrates those torque 
differences. Koto the differences in time required to start a hot engine and 
cold engine. Start Ho. 15 was made immediately after a shutdown end start No. 
16 was raado after a four (4) hour shutdown. Both starts were made using the 
same accel schedule enrichment. 

8 . 2 SPEED GOVERNING (CORE & FAN) 

For most XCLS testing, the power lever angle (PLA) schedules for fan 
speed and core speed were adjusted so that the core speed schedule *as in 
effect from idle to approximately 30% thrust and the fan speed schedule was in 
effect above that. Figure 70 shows steady state operation nt low power and 
Figure 71 shows steady state operation on fan speed control at high power. 
Figure 72 is a steady state plot of switching from core speed to fan speed 
control. The trace of the mode signal is obscured because signal excursions 
were limited by recorder response. 


These plots demonstrate the excellent speed holding capability of the 
FADEC and also verify that switchover between speed control modes was smooth. 

8 • 3 FUEL PLOW LIMITS 

Limits were imposed on the basic core rotor and fan speed schedules to 
prevent excessive HPT inlet temperature (calculated), excessive LPT inlet 
temperature (T42), and excessive compressor discharge pressure (PS3). These 
limits were combined *n a seS action network which -established priorities and 
assured smooth transition between control modes. 



— Tor< l i ig .. ~ Calculated from Measured Acceleration Rate and 
Calculated HP Rotor Polar Moment of Inertia 

~ Calculated from Measured Starter Inlet Conditions 
and Calibrated Starter Data Defined by Hamilton 
Standard on the Starter used (8/5/83) 

.' for Tlg. ~ Calculated by Subtracting Starter Torque from Net 
Torque 


-300 



Figure 68. Engine Torque Data Maximum Enrichment (Sheet 1 of 2) 



V ?25 

Corrected HP Rotor Torque LB-FT 


A. Start No. 23 (Ambient Engine) DMS 7055— Engine Shutdown Approx. 3 
Hours Prior to Start No. 28 

B. Stabilized Maximum Motoring Speed Point (Ambient Engine) DMS 23 
Maximum Motoring Made Prior to the First Start of the Day 
(Calibrated Starter Data Usact for A and B and B Calculations) 

C. Engine Coastdovm from Idle After Fuel Shut-off (Hot Engine) (DMS 7026) 

D. Start No. 27 (Ambient Engine) DMS 7054 First Start of the. Day 



Figure 68. Engine Torque Data Maximum Enrichment (Sheet 2 of 2) 
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Figure 69, Starting - Hot Engine vs. Cold Engine 
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. limit to demonstrate transition onto 
L slow accel was made onto each «■ 74 and 75 are 

the limit and steady state W. PB3. and T41C 

B lo« accelerations from fan apse ectl vely. Operation was 

(calculated HPT Inlet texture) ! ^ ^ ^ r9Corded transiently tut the 

satisfactory on each licit. - ^ ivalent because these 

. . traces shown on 

pss and zu*l ao. calculations) 

the two mala factors In the .410 celcu 


1.4 




, .. a. t u Q compressor discharge 

Ba rly in the ICLS test it- ^Zlo^ 1~ » " 

temperature C») signal, to the ■ ^ increaS ed. United investigation 

as ambient temperature In the tore - thermocouple Junction at the 

on the engine Indicated ^ ““ re8 . jesting the use of 

T3 sensing lead connection in. ^ connector pins. Because this lea 

incorrect material In the lean an difficult to remove and 

pressed through a crowded fan frame vane ^ ^ tbe effect of 

re- Install* It - not ^^LZon cooling water near the suspect 
the error. By routing some rostrum ^ to uso tne T3 signal. 

— ~ - —*■ ™“ ~ — «•' 

T! U * •**>“ “ *“ 

control strategy * and the sensor failur- 
(FIC&) feature . 

„ . tha l3 iced after test completion revealvod that 

A. resistance tes o created extra sensing 

the chomal and why the « signal decreased as 

functions .« t en ^ ^ ^ceased, 

the temperature in 

g 5 gT ATQR S.C KSDU11HS 

r sir; 

function of rpm and inlet temperutu o «« throughout the test, 

stator positioning »-ur.cy-d^ ; ^ ^ ^ o£ ^ 1 angle versus 
nsur e 76 is a plot Of s . y - Une 8hwm eor reference purpose, 

corrected core spaed with tne 
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Figure 75. Acceleration to T41C Limit 
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Transient stator accuracy is difficult to assess precisely because of 
the transient lag inherent in measuring compressor inlet temperature, A 
fairly good assessment is possible* however, by comparing the slow and fast 
accel/decel transients shown in Figure 77 and 73. This comparison indicates a 
maximum deviation of ±0.5 degrees for the fast transient as compared to the 


slew, essentially steady state, transients. 
8 - 6 aSHII . CL EARAN C E CONSOL 


The active clearance control concept which uses closed loop control of 
casing temperatures was demonstrated for the first tine on the XCLS engine, 
iiir valve modulation in both the compressor and LP turbine clearance control 
systems was successfully used to set casing temperatures as a function of 
rotor speeds and inlet temperatures. The casing temperature control mod© was 
not demonstrated on the HP turbine because an unexpected out-of-roundness 
condition on the engine made it necessary to shutoff the clearance control air 
manifold in the vicinity of the casing therroodouple used for control „eedback. 

Figure 79 is a data traee showing compressor and LP turbine clearance 
control mode changes from manual to automatic at 80% fan corrected speed. The 
compressor system mode change was made first and it was done from a condition 
at which the compressor clearance control valve was in the minimum casing 
cooling position and casing temperature was higher than the schedule. The 
valve first moved to the high cooling region, then gradually moved to the 
midsfcroke region as casing temperature decreased to the schedule, and finally 
began modulating in that region to maintain the scheduled temperature. The 
response and stability during and after the transition into the automatic mode 
are considered to fce quite satisfactory. 



i ■ 

! 


U 




■? 3 

: 3 



The T,P turbine system mode change was made with the air valve partially 
open in the manual mode and casing temperature near the scheduled level. The 
system becomes somewhat unstable with casing temperature oscillating 
approximately 50F at 0.25 Herts. This amount of oscillation is undersirable 
but the unexpectedly high frequency of the oscillation suggests that the 
casing thermocouple response is faster than anticipated. This w*s primarily 
due to the thermocouple responding to cooling air flow rather than casing 
temperature. A standard instrumentation-type thermocouple was used here and 
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Figure 77. 
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Deceleration Stator Tracking. 

















it was attached to the casing using an electrically non-conduct ive, 
ceramic-based cement which reduced casing-to-thermocouple thermal 
conductivity. For any future application a sturdy probe or set of probes 
would be designed that would provide a better measure of easing temperature. 

Figure BO shows a decoloration of 40% corrected fan speed from the 
condition shown in the previous? figure at a rate below that which would 
trigger the air valve decel shutoff function. Th© casing temperature 
characteristics proved to be aueh that both casings became hotter than 
scheduled during the decel but the compressor casing later dropped below the 
schedule and remained there even with no cooling while the LP turbine returned 
to th® temperature modulating condition. 

Figure 81 is a similar deceleration except that the deceleration rate 
was increased enough near the end of it to cause the air valve decel shutoff 
function to operate. Both of the active clearance control valves closed as 
they should under these conditions. 

The Kusnu&l clearance control modes were used to explore the steady 
state characteristics of the clearance control systems. The resulting data 
are plotted on Figure 82 in terms of the directly controlled parameters 
(casing temperatures) . Corresponding clearance characteristics ar& discussed 
in sections of this report that relate to compressor and turbine mechanical 
performance . 

8*' COMBUSTOR TRAKSITION 

Initial transitions from single annular to double annular combustion 
were made in the manual mode to determine the necessary FADEC adjustment 
settings for fill volume (flow area set during main zone manifold filling) and 
fill time (time required to fill main zone manifold). These settings were 
then made on the engineering operator panel and all subsequent transitions 
wore made in the automatic mode. Figure 83 is a slow accei showing the action 
of the main zone and pilot son© valves in the automatic mode during 
transition. To successfully transition from single annular to double annular 
burning, It was necessary to: 
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a. Fill the main zone manifold and nozzles. For this, the fill 
volume adjustment was set so that Uu. engine did not decelerate 
during filling and the fill time was set at 30 seconds. 

b. Close the pilot zone reset to enrich the main zone to allow the 
main burner to light. Kobe that the pilot zone reset valve is 

' signaled Glased 1.75 seconds before the main zone goes fully 
open. This is a slow (.25 gpa servovalve) system and takes that 
long to close. 

c. Open the main son® as the pilot zone reset is going fully closed. 

d. Reopen the pilot zone reset after transition to double annular. 


Transition to single annular from double annular was accomplished 
simply by closing the main zone valve. 

8 . 8 ACCEL/DEGBL TRAKS IEHTS 

A series of throttle burst were mad®, first with the nominal seed 
schedule and then witti gradually enriched schedules. Minimum demonstrated 
time from Flight Idle to 9015. net thrust was approximately 5.5 seconds, where 
core physical rpns limits (based on the maximum speed proven safe in core 
testing) were reached. The maximum design core rpm was not reached because 
lack of airfoil instrumentation during ICLS testing mad© it prudent not to run 
"blind" at unexplored speeds. Figure 84 is a plot of core speed, fan speed, 
fuel flow, and stage 1 core stator angle versus time for this eecei. 

Figure 85 shows a 12-second chop from 90% net thrust to 12% net thrust. 

Ho stalls or blowouts were encountered during the transient testing. 

8 . 9 FAILURE XKDIC A TIQH AHP CORRECTIVE ACTIOK (FICA) 

For FICA demonstration purposes, the ICLS control strategy incorporated 
a feature to simulate sensor failures for each FICA substituted variable (fan 
speed XRL, core speed XBH, compressor inlet temperature T25, HP turbine 
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discharge temperature T42, and compressor discharge pressure PS3). Each 
sensor was multiplied by an engineering operator panel potentiometer which was * 
scaled from ,5 to 1.5 (nominal value is 1.0). A switch on the engineering 
operator panel was used to enable the miltipliers . 

;'•/ to induce a simulated sensor failure, tha potentiometer associated with 

the sensor to be failed was adjusted to a value beyond the FICA tolerance and 
the switch ms then activated to create a step change in the sensor value as 
seen by the control strategy. The FICA then substituted the estimated value 
for the sensed value. This method was used to demonstrated single and double 
sensor failures. 


The table below summarises tha simulated sensor failures demonstrated , 
(^OTE: PCNLR refers to percent fan corrected speed.) 


Simulated 
Sensor Failure(s) 


Compressor Discharge Temp. <T3) 40% PCNLR to Kax T42 


KPT Discharge Temp. (T42) 

Compressor Inlet Tamp. (T25) 

Fan Speed (XKL) 

Core Speed O KH) 

Compressor D5 Tdharge Static 
Pressure (PS3) 


40% PCKLR to Kax T42 
40% PCNLR to Max T42 
40% PCNLR to Max T42 
40% PCKLR to 60% PCNLR 

40% PCKLR 


XBJL & T3 
MIL & T42 


XML & T25 


40% PCKLR to Max T42 
40% PCNLR to Max T42 
40% PCNLR to Max T42 


Comments 

Normal system operation 

Normal system operation 

Normal system operation 

Normal systera operation 

Marginally acceptable 
system operation 

Normal systera operation 

Normal system operation 

Normal system operation 


Hormal system operation 


All simulated sensor failures except core speed produced normal 
operation both steady state and transiently. A typical transient with one 
simulated sensor failure is shown on Figure 86 and a similar transient with 
two simulated sensor failures is shown on Figure 87. 







Core Speed vs. Time 
RDG No. 7033 



Fan Speed vs. Time 
RDG No. 7033 



Cosspressure Discharge Static 
Pressure vs. Time 



Time, Sec 

PS3100 


Fuel Flow vs. Time 
RDG No. 7033 



Figure 86. FICA Acceleration & Deceleration with T3 Failed (Sheet 1 of 2) 
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Figure 86. FICA Acceleration and Deceleration with T3 Failed (Sheet 2 of 2) 
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Simulation of a cor® speed sensor failure produced margins lly stable 
results. The first attempt was made with the engine on core speed control at 
just under 20 percent thrust. An instant after the simulated failure, 
substituted core speed from the FICA model jumped to & level above actual cor© 
speed causing the control to reduce fuel flow and open the core stators a 
small amount. The combined effect was a fuel-air ratio reduction of 
sufficient magnitude to causa loss of combustion and engine shutdown. 

A second attempt w&s mds at the ©sm@ thrust level but with the PLA 
schedule adjusted so that fuel flow was under fan speed rather than cor® speed 
control. Simulation of a cor® speed sensor failure caused the engine to break 
into an oscillation as shown on Figure 83. Adjustment of the PLA schedule to 
re-establish core speed control of fuel flow caused the amplitude of the 
oscillations to increase. 

Preliminary analysis of this second attempt indicated that the 
oscillation was aggravated by the core stator effect on air flow through fail 
and core speed. Xn an attempt to reduce this effect the servovalve null shift 
compensation in the stator control loop was deleted and a third simulation of 
a core speed sensor failure was made at the same conditions as in the previous 
attempt. As shown on Figure 89, this again produced an oscillation but it was 
smaller in amplitude than in the previous case. A slow acceleration to 40 
percent thrust caused no increase in the oscillation but an attempt to 
re-establish cor© speed control of fuel flow by PLA schedule adjustment had to 
foe abandoned because it produced excessive oscillation amplitude. 

Time did not permit more extensive investigation relative to FICA core 
speed sensing substitutions. A further investigation should evaluate 
potential improvements such as th© incorporation of core stator effects in the 
FICA model and the modification of Update Matrix coefficients after sensor 
substitution. 

Overall, the ICLS FICA testing was a worthwhile step forward in the 
evolution of this processing toncept for improving future engine control 
system operation reliability without added hardware. Simple FICA 
implementations have been tested in the past but the ICLS FICA brought 
together an engine model based on component equations and a multiple-element 
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Model Update Matrix that, in combination, offer improved potential for full 
flight nap suitability. The ICLS testing showed this combination to be 
generally satisfactory and identified potential improvements for future 

evaluation as noted above. 


8 , 10 pASHC CTEBBATTB8 COSPITIOHS 


Tk© on 
It wo® t miss 


eng in® FADEC operated satisfactorily throughout 
; on tfe© outside of tk© fan frssa® at the 3 o a dO' 


i® ICLS test, 
position C&ft 


looking forward) using four soft isolation mount ©lasaant®. Vibration 
characteristics in this vicinity were recorded and are discussed in the Engine 
Dynamics section of Beference 3. 


FADEG cooling air was supplied from the test facility at approximately 
172.4 fcpa <25 psia) and at essentially ambient temperature. Calculated 
airflow at these conditions is 0.011 feg/sec (0.024 lbs/ sec) as limited by the 
0.0525 es (3/8 inch) inlet fitting on the FABEG cooling manifold. Internal 
temperature of the FADES ran G e C to 11*C <10*F to 20”F) above ambient 
temperature with the maximum differential when the F&DEC was in direct 
sunlight and the minimum differential at night. 


8.11 SWITCH TO BACK-UP 

For safety reasons, an F10X hydrotodcfcanicaL fuel control was included 
as a fuel and stator backup for the single channel FADES. Because of 
excel lent F&DEC operation, the backup was not needed at any point in the test 
program but an intentional switchover to the backup mod® proved the 
suitability of this design as shown in Figure 90. 
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Fuel Flow vs. Time 
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